AMERICAN LEADERSHIP
IN QUANTUM TECHNOLOGY

JOINT HEARING

BEFORE THE

SUBCOMMITTEE ON RESEARCH AND TECHNOLOGY
&

SUBCOMMITTEE ON ENERGY

COMMITTEE ON SCIENCE, SPACE, AND
TECHNOLOGY
HOUSE OF REPRESENTATIVES

ONE HUNDRED FIFTEENTH CONGRESS

FIRST SESSION

OCTOBER 24, 2017

Serial No. 115-32

Printed for the use of the Committee on Science, Space, and Technology

&R

Available via the World Wide Web: http:/science.house.gov

U.S. GOVERNMENT PUBLISHING OFFICE
27-671PDF WASHINGTON : 2018

For sale by the Superintendent of Documents, U.S. Government Publishing Office
Internet: bookstore.gpo.gov Phone: toll free (866) 512—-1800; DC area (202) 512—-1800
Fax: (202) 512-2104 Mail: Stop IDCC, Washington, DC 20402-0001



COMMITTEE ON SCIENCE, SPACE, AND TECHNOLOGY
HON. LAMAR S. SMITH, Texas, Chair

FRANK D. LUCAS, Oklahoma
DANA ROHRABACHER, California
MO BROOKS, Alabama

RANDY HULTGREN, Illinois
BILL POSEY, Florida

THOMAS MASSIE, Kentucky

JIM BRIDENSTINE, Oklahoma
RANDY K. WEBER, Texas
STEPHEN KNIGHT, California
BRIAN BABIN, Texas

BARBARA COMSTOCK, Virginia
BARRY LOUDERMILK, Georgia
RALPH LEE ABRAHAM, Louisiana
DRAIN LAHOOD, Illinois
DANIEL WEBSTER, Florida

JIM BANKS, Indiana

ANDY BIGGS, Arizona

ROGER W. MARSHALL, Kansas
NEAL P. DUNN, Florida

CLAY HIGGINS, Louisiana
RALPH NORMAN, South Carolina

EDDIE BERNICE JOHNSON, Texas
ZOE LOFGREN, California
DANIEL LIPINSKI, Illinois
SUZANNE BONAMICI, Oregon
ALAN GRAYSON, Florida

AMI BERA, California
ELIZABETH H. ESTY, Connecticut
MARC A. VEASEY, Texas
DONALD S. BEYER, JR., Virginia
JACKY ROSEN, Nevada

JERRY MCNERNEY, California
ED PERLMUTTER, Colorado
PAUL TONKO, New York

BILL FOSTER, Illinois

MARK TAKANO, California
COLLEEN HANABUSA, Hawaii
CHARLIE CRIST, Florida

SUBCOMMITTEE ON RESEARCH AND TECHNOLOGY
HON. BARBARA COMSTOCK, Virginia, Chair

FRANK D. LUCAS, Oklahoma
RANDY HULTGREN, Illinois
STEPHEN KNIGHT, California
DARIN LAHOOD, Illinois

RALPH LEE ABRAHAM, Louisiana
DANIEL WEBSTER, Florida

JIM BANKS, Indiana

ROGER W. MARSHALL, Kansas
LAMAR S. SMITH, Texas

DANIEL LIPINSKI, Illinois
ELIZABETH H. ESTY, Connecticut
JACKY ROSEN, Nevada

SUZANNE BONAMICI, Oregon
AMI BERA, California

DONALD S. BEYER, JR., Virginia
EDDIE BERNICE JOHNSON, Texas

SUBCOMMITTEE ON ENERGY
HON. RANDY K. WEBER, Texas, Chair

DANA ROHRABACHER, California
FRANK D. LUCAS, Oklahoma

MO BROOKS, Alabama

RANDY HULTGREN, Illinois
THOMAS MASSIE, Kentucky

JIM BRIDENSTINE, Oklahoma
STEPHEN KNIGHT, California, Vice Chair
DRAIN LAHOOD, Illinois

DANIEL WEBSTER, Florida
NEAL P. DUNN, Florida

LAMAR S. SMITH, Texas

MARC A. VEASEY, Texas, Ranking Member
ZOE LOFGREN, California

DANIEL LIPINSKI, Illinois

JACKY ROSEN, Nevada

JERRY MCNERNEY, California
PAUL TONKO, New York

JACKY ROSEN, Nevada

BILL FOSTER, Illinois

AMI BERA, California

MARK TAKANO, California

EDDIE BERNICE JOHNSON, Texas

1)



CONTENTS

October 24, 2017

Page
WHENESS ST  weiieiiiieiiiieeiieeeee ettt et e et e e e te e e s be e e snabee s nbaeeenbaeeens

Hearing Charter

Opening Statements

Statement by Representative Lamar S. Smith, Chairman, Committee on
Science, Space, and Technology, U.S. House of Representatives ............c....... 5
Written Statement ..ot 7

Statement by Representative Barbara Comstock, Chairwoman, Subcommittee

on Research and Technology, Committee on Science, Space, and Technology,
U.S. House of Representatives .........ccccceeiieciienieeniienieeiiesieeiteeee et 9
Written Statement

Statement by Representative Daniel Lipinski, Ranking Member, Sub-
committee on Research and Technology, Committee on Science, Space, and
Technology, U.S. House of Representatives ... .

Written Statement ..........cccoeoiiiiiiiiiniieie e 15

Statement by Representative Randy K. Weber, Chairman, Subcommittee on
Energy, Committee on Science, Space, and Technology, U.S. House of Rep-
TESENEATIVES .ooviiiiiiiiiiiiiteee e 17

Written Statement 19
Statement by Representative Marc A. Veasey, Ranking Member, Sub-
committee on Energy, Committee on Science, Space, and Technology, U.S.

House of Representatives 21

Written Statement ..........ccocooviiiiiiiiiiie 23
Statement by Representative Eddie Bernice Johnson, Ranking Member, Com-

mittee on Science, Space, and Technology, U.S. House of Representatives ... 25
Written Statement .........cccccviieiiiieeiiieeceeee e e 26

Witnesses:
Panel 1

Dr. Carl J. Williams, Acting Director, Physical Measurement Laboratory,
National Institute of Standards and Technology
Oral Statement .......ccccoeiieiiiiiiieieeieee ettt s 27
Written Statement .........coccooiiiiiiiiiiie e 30

Dr. Jim Kurose, Assistant Director, Computer and Information Science and
Engineering Directorate, National Science Foundation

Oral Statement .......ccccoiiiiiiiiiiie e 37
Written StatemeEnt ..........ccccocveieiiiieieiiie ettt e eere e e e reeeeeareeeeraeeenanes 39
Dr. John Stephen Binkley, Acting Director of Science, U.S. Department of
Energy
Oral Statement ........ccccoooiiieiiiiieeeeee e e 52
Written Statement .........cccccvieeiiiieeiiie e e e 54
DIESCUSSION ittt ettt ettt et e bt e et e e st b e e bt e sabeenbeesabeebeeeabeebeesateenneas 70

(I1D)



v

Page
Panel II
Dr. Scott Crowder, Vice President and Chief Technology Officer for Quantum
Computing, IBM Systems Group
Oral Statement .......cccoociieiiiiiiieieeeee et e 90
Written Statement .........coccooviiiiiiiii e 92
Dr. Christopher Monroe, Distinguished University Professor & Bice Zorn
Professor, Department of Physics, University of Maryland; Founder and
Chief Scientist, IonQ, Inc.
Oral Statement .......ccccooiiieiiiiiiieieeteee et s 101
Written Statement .........coccooviiiiiiiiiie e 103

Dr. Supratik Guha, Director, Nanoscience and Technology Division, Argonne
National Laboratory; Professor, Institute for Molecular Engineering, Uni-
versity of Chicago

Oral Statement .......cccoociiiiiiiiieieeeee e 115
Written Statement ...

Discussion ......cccccceeenenne




AMERICAN LEADERSHIP IN QUANTUM
TECHNOLOGY

Tuesday, October 24, 2017

HOUSE OF REPRESENTATIVES,
SUBCOMMITTEE ON RESEARCH & TECHNOLOGY AND
SUBCOMMITTEE ON ENERGY
COMMITTEE ON SCIENCE, SPACE, AND TECHNOLOGY,
Washington, D.C.

The Subcommittees met, pursuant to call, at 10:06 a.m., in Room
2318 of the Rayburn House Office Building, Hon. Barbara Com-
stock [Chairwoman of the Subcommittee on Research and Tech-
nology] presiding.

o))



LAMAR 8. SMITH, Texas EDDIE BERNICE JOHNSON, Texas
CHAIRMAN FANKING MEMBER

Congress of the Wnited Dtates

Aousc of Representatioes
COMMITTEE ON SCIENCE, SPACE, AND TECHNCOLOGY
2321 Ravsurn House OfFFIceE BUILDING
Wastingron, DC 20515-6301
{202) 225-6371

www stiance house.gav

American Leadership in Quantum Technology

Tuesday, October 24, 2017
10:00 a.m.
2318 Rayburn House Office Building

Witnesses

Panel 1:

Dr. Carl J. Williams, Acting Director, Physical Measurement Laboratory, National
Institute of Standards and Technology

Dr. Jim Kurose, Assistant Director, Computer and Information Science and Engineering
Directorate, National Science Foundation

Dr. John Stephen Binkley, Acting Director of Science, U.S. Department of Energy

Panel II:

Dr. Scott Crowder, Vice President and Chief Technology Officer for Quantum
Computing, IBM

Dr. Christopher Monroe, Distinguished University Professor & Bice Zorn Professor,
Department of Physics, University of Maryland; Founder and Chief Scientist, fonQ, Inc.

Dr. Supratik Guha, Director, Nanoscience and Technology Division, Argonne National
Laboratory; Professor, Institute for Molecular Engineering, University of Chicago



3

U.S. HOUSE OF REPRESENTATIVES
COMMITTEE ON SCIENCE, SPACE, AND TECHNOLOGY

HEARING CHARTER
October 17, 2017
TO: Members, Subcommittee on Research and Technology & Subcommittee on Energy
FROM: Majority Staff, Committee on Science, Space, and Technology

SUBJECT: Joint Subcommittee Hearing: “American Leadership in Quantum Technology™

The Subcommittee on Research and Technology and the Subcommittee on Energy of the
Committee on Science, Space, and Technology will hold a joint hearing titled American
Leadership in Quantum Technology on Tuesday, October 24, 2017, at 10:00 a.m. in Room 2318
of the Rayburn House Office Building.

Hearing Purpose:

The hearing will identify where the U.S. currently stands in the international race to the
development of commercially available quantum-based technologies, particularly quantum
computing. In addition, this hearing will focus on the research and development currently
supported by both the government and private sector, provide feedback on what more can be
done to improve efforts in quantum information science and engineering, how to effectively train
a workforce to prepare for this next generation of technology, and how to successfully compete
with other countries.

Witness List

Panel 1:
s Dr. Carl J. Williams, Acting Director, Physical Measurement Laboratory, National
Institute of Standards and Technology
¢ Dr. Jim Kurose, Assistant Director, Computer and Information Science and Engineering
Directorate, National Science Foundation
* Dr. John Stephen Binkley, Acting Director of Science, U.S. Department of Energy

Panel 2:
* Dr. Scott Crowder, Vice President and Chief Technology Officer for Quantum
Computing, IBM Systems Group
s Dr. Christopher Monroe, Distinguished University Professor & Bice Zorn Professor,
Department of Physics, University of Maryland; Founder and Chief Scientist, IonQ, Inc.
¢ Dr. Supratik Guha, Director, Nanoscience and Technology Division, Argonne National
Laboratory; Professor, Institute for Molecular Engineering, University of Chicago



Staff Contact

For questions related to the hearing, please contact Sarah Jorgenson of the Majority Staff
at 202-225-6371.



5

Chairwoman COMSTOCK. The Committee on Science, Space and
Technology will come to order.

Without objection, the Chair is authorized to declare recesses of
the Committee at any time.

Good morning, and welcome to today’s joint hearing titled “Amer-
ican Leadership in Quantum Technology.” Due to a scheduling con-
flict, I would like to first recognize the Chairman of the full Com-
mittee for a statement, Mr. Smith.

Chairman SMITH. Thank you, Madam Chairwoman, and let me
explain, I have a Judiciary markup. Otherwise I would be happy
to wait my turn, but I appreciate your deferring to me.

The technology that we will review today is complex but it has
the potential to revolutionize computing and to strengthen or un-
dermine our future economic and national security.

Quantum technology can completely transform many areas of
science and a wide array of technologies including sensors, lasers,
material science, GPS, and much more.

Quantum computers have the potential to solve complex prob-
lems that are beyond the scope of today’s most powerful supercom-
puters. Quantum-enabled data analytics can revolutionize the de-
velopment of new medicines and materials and assure security for
sensitive information, but even Bill Gates finds quantum tech-
nology to be challenging. He reportedly said, “I know a lot about
physics and a lot of math. But the one place where they put up
slides and it is hieroglyphics, it’s quantum.”

We are fortunate this morning to be able to learn from expert
witnesses who thoroughly understand and can explain in plain
English all of quantum’s complexities. How is that for a setup?

Although the United States retains global leadership in the theo-
retical physics that underpins quantum computing and related
technologies, we may be slipping behind others in developing the
quantum applications, programming know-how, development of na-
tional security and commercial applications.

Just last year, Chinese scientists successfully sent the first-ever
quantum transmission from Earth to an orbiting satellite. A team
of Japanese scientists recently invented an approach that appar-
ently boosts calculating speed and efficiency in quantum com-
puting. And European research teams are focusing on training
quantum computer programmers and developing essential soft-
ware.

What if the Bill Gates and Steve Jobs of quantum computing are
from Germany?

According to a 2015 McKinsey report, 7,000 scientists worldwide,
with a combined budget of about $1.5 billion, worked on non-classi-
fied quantum technology. Of these totals, the United States’ esti-
mated annual spending on non-classified quantum-technology re-
search was the largest. But China, Germany and Canada were
close behind. We need to continue to invest in basic research.

We must also take steps to ensure that we have the workforce
that the future will demand. The Bureau of Labor Statistics
projects that employment in computer occupations will increase by
12.5 percent, or nearly a half-million new jobs, by 2024. That is
more than any other STEM field. But future jobs in engineering,
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health sciences and all of the natural sciences will require com-
puting and electronic information skills.

The United States must also cultivate a new generation of vision-
ary entrepreneurs and additional millions of scientists, engineers,
designers, programmers and technicians who can compete in quan-
tum-enabled technologies and other emerging fields.

I thank our witnesses today for testifying on this important topic.
I look forward to their testimony on the current state of quantum
research and their recommendations about how to improve efforts
in this area.

Thank you, Madam Chairwoman, and I yield back.

[The prepared statement of Chairman Smith follows:]
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Chairman Smith: Good morning. The technology that we will review foday is complex,
but it has the potential fo revolutionize computing and to sfrengthen or undermine our
future economic and national security.

Quantum technology can completely fransform many areas of science and a wide
array of technologies, including sensors, lasers, materials science, GPS, and much
more.

Quantum computers have the potential to solve complex problems that are beyond
the scope of today's most powerful supercomputers.

Quantum-enabled data analytics can revolutionize the development of new
medicines and materials and assure security for sensitive information.

But even Bill Gates finds quantum technology to be challenging. He reportedly said, I
know o lot of physics and a lot of math. But the one place where they put up slides
and it is hieroglyphics, it's quantum.”

We are fortunate this morning fo be able to leamn from expert withesses who
thoroughly understand and can explain in plain English all of quantum’s complexities.

Although the United States retains global leadership in the theoretical physics that
underpins quantum computing and related technologies, we may be slipping behind
others in developing the quantum applications - programming know-how,
development of national security and commercial applications.

Just last year, Chinese scientists successfully sent the first-ever quantum transmission
from Earth to an orbiting satellite.

A team of Japanese scientists recently invented an approach that apparently boosts
calculating speed and efficiency in quantum computing.

European research teams are focusing on training quantum computer programmers
and developing essential software.
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What if the Bill Gates and Steve Jobs of quantum computing are from Germany?2

According to a 2015 McKinsey report, about 7,000 scientists worldwide, with a
combined budget of about $1.5 billion, worked on non-classified quantum
technology.

Of those totals, the United States' estimated annual spending on non-classified
quantum-technology research was the largest. But China, Germany and Canada
were close behind.

We need to continue to invest in basic research. We must also take steps to ensure
that we have the workforce that the future will demand.

The Bureau of Labor Statistics projects that employment in computer occupations will
increase by 12.5 percent, or nearly a half-milfion new jobs, by 2024. This is more than in
any other STEM field.

But future jobs in engineering, health sciences and all of the natural sciences will
require computing and electronic information skills.

The United States must also cultivate a new generation of visionary entrepreneurs and
additional millions of scientists, engineers, designers, programmers and fechnicians
who can compete in quantum-enabled technologies and other emerging fields.

| thank our witnesses today for testifying on this important topic. 1 look forward fo their
testimony on the current state of quantum research and their recommendations
about how to improve efforts in this area.

Hith
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Chairwoman CoMSTOCK. Thank you, Mr. Chairman.

And I now recognize myself for a five minute opening statement.

Good morning, and I think if Bill Gates is intimidated by this
topic, the rest of us mere mortals are very indebted to our expert
witnesses today, so thank you for joining us.

The topic of this morning’s hearing, “American Leadership in
Quantum Technology,” is important to our national security, global
competitiveness and technological innovation. This hearing will
provide us with a view of U.S. and other nations’ research and de-
velopment efforts to develop quantum computing and related tech-
nology. It will also identify what, if more, can be done to boost ef-
forts.

R&D in information technology provides a greater understanding
of how to protect essential systems and networks that support fun-
damental sectors of our economy, from emergency communications
and power grids to air-traffic control networks and national defense
systems. This kind of R&D works to prevent or minimize disrup-
tions to critical information infrastructure, to protect public and
private services, to detect and respond to threats while mitigating
the severity of and assisting in the recovery from those threats, in
an effort to support a more stable and secure nation. As technology
rapidly advances, the need for research and development continues
to evolve.

At the same time, I am hoping that we are preventing any dupli-
cative and overlapping R&D efforts, thereby enabling more efficient
use of government resources and taxpayer dollars.

Considering the significant increase in global interconnectedness
enabled by the internet, and with it, increased cybersecurity at-
tacks, the potential security and offensive advantage that quantum
computing and quantum encryption may provide is more essential
than ever.

Research in advanced materials and computer science continues
to push the envelope of classical computing power and speed. De-
velopments in quantum information science have raised the pros-
pects of a new computing architecture: quantum computing. I am
looking forward to our witnesses explaining more about this archi-
tecture, including superposition and interconnectivity.

As difficult as the underlying science is for many of us to under-
stand, it is easier to understand how quantum computing can
change the world by revolutionizing the encoding of electronic in-
formation and supporting data analytics powerful enough to solve
currently complicated or inexplicable problems. In today’s hearing,
I hope we are able to learn more about how quantum technology
will revolutionize computing and how to promote continued techno-
logical leadership in the United States.

I am also looking forward to learning how industry and others
are engaged. As noted in a 2015 PCAST report, “Today’s advances
rest on a strong base of research and development created over
many years of government and private investment. Because of
these investments, the United States has a vibrant academia-in-
dustry-government ecosystem to support research and innovation
in IT and to bring the results into practical use.”

It is clear that focusing our investments on information tech-
nology research and development is important to our nation for a
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variety of reasons, including economic prosperity, national security,
U.S. competitiveness, and quality of life.

I look forward to the hearing.

[The prepared statement of Chairwoman Comstock follows:]
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Statement from Chairwoman Barbara Comstock (R-Va.)
American Leadership in Quantum Technology

Chairwoman Comstock: Good morning. | want to welcome everyone here today. The
topic of this morning's hearing, American Leadership in Quantum Technology, is
important to our national security, global competitiveness and technological
innovation.

This hearing will provide us with a view of U.8. and other nations' research and
development efforts to develop quantum computing and related technology. It will
also identify what, if more, can be done to boost efforts within the United States.

R&D in information fechnology provides a greater understanding of how fo protect
essential systems and networks that support fundamental sectors of our economy,
from emergency communications and power grids to air-traffic control networks and
national defense systems.

This kind of R&D works to prevent or minimize disruptions o critical information
infrastructure, to protect public and private services, to detect and respond to threats
while mitigating the severity of and assisting in the recovery from those threats, in an
effort to support a more stable and secure nation.

As technology rapidly advances, the need for research and development continues
to evolve. At the same time, | am hoping that we are preventing any duplicative and
overlapping R&D efforts, thereby enabling more efficient use of government resources
and taxpayer dollars.

Considering the significant increase in global interconnectedness enabled by the
Internet, and with it, increased cybersecurity attacks, the potential security and
offensive advantage that quantum computing and quantum encryption may provide
is more essential than ever.

Research in advanced materials and computer science continues to push the
envelope of classical computing power and speed. Developments in quantum
information science have raised the prospects of a new computing architecture -
quantum computing. | am looking forward to our witnesses explaining more about this
architecture, including superposition and interconnectivity.
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As difficult as the underlying science is for many people to understand, it is easier fo
understand how quantum computing can change the world by revolutfionizing the
encoding of electronic information and supporting data analytics powerful enough fo
solve currently complicated or inexplicable problems.

| am excited for today's hearing, and | hope we are able o learn more about how
quantum fechnology will revolutionize computing and how fo promote confinued
technological leadership in the United States. | am also looking forward to learning
how industry and others are engaged. As noted in a 2015 PCAST report, "Today's
advances rest on a strong base of research and development created over many
years of government and private investment. Because of these investments, the United
States has a vibrant academia-industry-government ecosystem to support research
and innovation in IT and to bring the results info practical use.”

It is clear that focusing our investments on information technology research and
development is important to our nation for a variety of reasons, including economic
prosperity, national security, U.S. competifiveness, and quadlity of life. | look forward to
hearing from each of our wilnesses on this important fopic. Thank you for being here.

i
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Chairwoman COMSTOCK. And I now will yield to the Ranking
Member, Mr. Lipinski, for his opening statement.

Mr. LipINSKI. Thank you, Chairwoman Comstock and Chairman
Weber, for calling this hearing.

The last time this Committee focused on quantum technology
was in 2000 when a hearing was held on quantum and molecular
computing. The state of the science and technology has come a long
way since then, and so has the international competition.

The underlying theory of quantum mechanics began to take
shape in the 1920s. The first accurate atomic clock was built in the
1950s. It wasn’t labeled as a quantum technology, but it took ad-
vantage of the quantum phenomenon known as superposition.
Physicist Richard Feynman first mused about the possibility of
quantum computers in 1981. In 1994, mathematician Peter Shor
developed the first efficient algorithm for a quantum computer,
demonstrating that quantum computing, when it arrived, would
topple our current system of public-key encryption. Until then,
quantum information science was still largely the purview of phys-
ics departments.

In the years following Shor’s breakthrough, quantum information
science became increasingly interdisciplinary, attracting scientists
and engineers from diverse fields.

As we will hear from the witnesses today, quantum information
science is at another significant turning point. Publications and
patent applications are on the rise. Small companies are being
formed. Major companies such as IBM, Google, and Microsoft are
accelerating their investments in quantum-enabled technology.

I want to highlight in particular the research partnership of the
University of Chicago, Argonne National Lab, and Fermi National
Accelerator Lab, which has been dubbed the Chicago Quantum Ex-
change. As we will hear from Dr. Guha, the Exchange was created
to develop and grow interdisciplinary collaborations for the explo-
ration and development of new quantum-enabled technologies, and
to help educate a new generation of quantum information scientists
and engineers. Partnership with the private sector is also an im-
portant element of the Exchange. The Chicago Quantum Exchange
may be a model for the future of R&D in quantum information
science.

With respect to practical applications, the market for quantum
sensing and metrology is very close to taking off. Technology devel-
opers envision a future in which quantum sensors eliminate the
need to use GPS satellites for navigation, can be embedded in
buildings to measure stress, can be woven into clothing to monitor
vital signs, and can even be injected into our blood to help diagnose
disease.

Another practical application is quantum communications. This
is an ultra secure method that uses quantum principles to encode
and distribute critical information, like encryption keys, and will
reveal if they were intercepted by a third party in transit. Multiple
countries are investing heavily in this technology, which may be
next in line for the commercial market. The world especially took
note of China’s launch of a quantum-enabled prototype communica-
tions satellite last year.
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Quantum computing may be further from becoming a reality, but
the potential applications for both science and the commercial mar-
ket are mind-boggling. These are exciting technologies. They also
open the door to important policy discussions.

As other countries are increasing their investments in quantum
technology, in some cases guided by long-term strategies, now is
the time for the U.S. to start developing a more coherent strategy
of our own. We must consider the scale, scope and nature of federal
investments, how best to facilitate and strengthen partnerships
with the private sector, and the education and workforce training
that will be required to power a quantum revolution. I have no
doubt other important policy issues will emerge in this hearing, in-
cluding, importantly, the impact on cybersecurity.

I hope this hearing is followed by additional hearings in this
Congress and the coming years that more deeply explore specific
technologies and policy implications. In the meantime, I look for-
ward to today’s introduction to quantum information science and
technology.

I thank all of the witnesses for being here this morning to share
your expertise, and I yield back the balance of my time.

[The prepared statement of Mr. Lipinski follows:]
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Thank you Chairwoman Comstock and Chairman Weber for calling this hearing. The last time
this Committee focused on quantum technology was in 2000 when a hearing was held on
quantum and molecular computing. The state of the science and technology has come a long
way since then. So has the international competition.

The underlying theory of quantum mechanics began to take shape in the 1920s. The first
accurate atomic clock was built in the 1950s. It wasn’t labeled as a quantum technology, but it
took advantage of the quantum phenomenon known as superposition. Physicist Richard
Feynman first mused about the possibility of quantum computers in 1981. In 1994,
mathematician Peter Shor developed the first efficient algorithm for a quantum computer,
demonstrating that quantum computing, when it arrived, would topple our current system of
public-key encryption. Until then, quantum information science was still largely the purview of
physics departments. In the years following Shor’s breakthrough, quantum information science
became increasingly interdisciplinary, attracting scientists and engineers from diverse fields.

As we will hear from the witnesses today, quantum information science is at another significant
turning point. Publications and patent applications are on the rise. Small companies are being
formed. Major companies such as IBM, Google, and Microsoft are accelerating their
investments in quantum-enabled technology. Iwant to highlight in particular the research
partnership of the University of Chicago, Argonne National Lab, and Fermi National Accelerator
Lab, which has been dubbed the “Chicago Quantum Exchange.” As we will hear from Dr. Guha,
the Exchange was created to develop and grow interdisciplinary collaborations for the
exploration and development of new quantum-enabled technologies, and to help educate a new
generation of quantum information scientists and engineers. Partnership with the private sector
is also an important element of the Exchange. The Chicago Quantum Exchange may be a model
for the future of R&D in quantum information science.

With respect to practical applications, the market for quantum sensing and metrology is very
close to taking off. Technology developers envision a future in which quantum sensors eliminate
the need to use GPS satellites for navigation, can be embedded in buildings to measure stress,
can be woven into clothing to monitor vital signs, and can even be injected into our blood to help
diagnose disease. Another practical application is quantum communications. This is an ultra-
secure method that uses quantum principles to encode and distribute critical information, like
encryption keys, and will reveal if they were intercepted by a third party in transit. Multiple
countries are investing heavily in this technology, which may be next in line for the commercial
market. The world especially took note of China’s launch of a quantum-enabled prototype
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communications satellite last year. Quantum computing may be further from becoming a reality,
but the potential applications for both science and the commercial market are mind-boggling.
These are exciting technologies. They also open the door to important policy discussions.

As other countries are increasing their investments in quantum technology, in some cases guided
by long-term strategies, now is the time for the U.S. to start developing a more coherent strategy
of our own. We must consider the scale, scope and nature of federal investments, how best to
facilitate and strengthen partnerships with the private sector, and the education and workforce
training that will be required to power a quantum revolution. Ihave no doubt other important
policy issues will emerge in this hearing, including, importantly, the impact on cybersecurity. I
hope this hearing is followed by additional hearings in this Congress and the coming years that
more deeply explore specific technologies and policy implications. In the meantime, I look
forward to today’s introduction to quantum information science and technology.

1 thank all of the witnesses for being here this morning to share your expertise, and I yield back.
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Chairwoman COMSTOCK. Thank you, and I now recognize the
Chairman of the Energy Subcommittee, Mr. Weber, for his opening
statement.

Mr. WEBER. Thank you, ma’am.

Good morning and welcome to today’s joint Research and Tech-
nology and Energy Subcommittee hearing. Today, we will hear
from a panel of experts on the status of America’s research in
quantum technology, a field positioned to fundamentally change
the way we move and process data. Hearings like today’s help re-
mind us of the Science Committee’s core focus: the basic research
that provides the foundation for technology breakthroughs. Before
America ever sees the commercial deployment of a quantum com-
puter, a lot of discovery science must be accomplished.

Quantum technology has the potential to completely reshape our
scientific landscape. I'm not going to attempt to explain quantum
computing to you all; I'll leave that to the experts here today. But
theoretically, quantum computing could allow for the solution of ex-
ponentially large problems, things that cannot be accomplished by
even the fastest supercomputers today. It could allow us to vis-
ualize the structures of complex chemicals and materials, to model
highly detailed flows of potential mass evacuations with precise ac-
curacy, and to quantify subatomic interactions on the cutting edge
of nuclear research.

Quantum computing may also have profound implications for cy-
bersecurity technology. With China and Russia focusing their ef-
forts on quantum encryption, which could allow for 100 percent se-
cure communications, it is absolutely imperative that the United
States maintain its leadership in this field.

In order to achieve this kind of revolutionary improvement in
technology, we are going to need foundational knowledge in the ad-
vanced computing and materials science required to construct
quantum systems. For example, quantum hardware must be
?quipped to completely isolate quantum processors from outside
orces.

Further, because quantum computing differs from today’s meth-
ods at the most basic level, quantum algorithms must be built from
the ground up. Support for basic research in computer science and
for computational partnerships between industry, academia, and
the national labs is necessary to develop algorithms needed for fu-
ture commercial quantum systems.

The Department of Energy (DOE) Office of Science is the leading
federal sponsor of basic research in the physical sciences, and funds
robust quantum technology research. At Lawrence Berkeley Na-
tional Lab, the National Energy Research Scientific Computing
Center allows scientists to run simulations of quantum architec-
tures. At Argonne National Lab’s Center for Nanoscale Materials,
researchers study atomic-scale materials in order to engineer the
characteristics of quantum information systems. And at Fermi Na-
tional Accelerator Laboratory, scientists are applying their experi-
ence in high-energy physics to the study of quantum materials.
DOE must prioritize this kind of ground breaking basic research
over grants for technology that is ready for commercial deployment.
When the government steps in to push today’s technology into the
market, it actually competes against private investors and uses
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limited resources to do so. But when the government supports basic
research, everyone has the opportunity to access the fundamental
knowledge that can lead to the development of future technologies.

I want to thank our accomplished panel of witnesses for testi-
fying today, and I look forward to a productive discussion about the
future of American quantum technology research. I think I speak
for my fellow members when I say that this is a complex topic, and
Congress will need to rely on experts like you all to chart the
course for quantum technologies.

I thank the Chair, and I yield back.

[The prepared statement of Mr. Weber follows:]
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Chairman Weber: Good morning and welcome fo today’s Joint Research and
Technology and Energy Subcommittee hearing. Today, we will hear from a panel of
experts on the status of America's research in quantum technology, a field positioned
fo fundamentally change the way we move and process data.

Hearings like today's help remind us of the Science Commitiee's core focus - the
basic research that provides the foundation for technology breakihroughs. Before
Ametica ever sees the commercial deployment of a quantum computer, a lot of
discovery science must be accomplished.

Quantum technology has the potential to completely reshape our scienfific
landscape. | won't attempt to explain quantum computing fo you, I'llleave that fo
the experts here today.

But theoretically, guantum computing could allow for the solution of exponentially
large problems - things that cannot be accomplished by even the fastest
supercomputers today. It could allow us to visualize the structures of complex
chemicals and materials, fo model highly detailed flows of potential mass evacuations
with precise accuracy, and fo quantify subatomic interactions on the cutting edge of
nuclear research.

Quantum computing may also have profound implications for cybersecurity
technology.

With China and Russia focusing their efforts on quantum encryption, which could allow
for 100% secure communications, it is imperative that the U.S. maintain its leadership in
this field.

in order to achieve this kind of revolutionary improvement in technology, we're going
o need foundational knowledge in the advanced computing and materials science
required o construct quantum systems. For example, quantum hardware must be
equipped to completely isolate quantum processors from outside forces.
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Further, because quantum computiing differs from today's methods at the most basic
level, quantum algorithms must be built from the ground up.

Support for basic research in computer science and for computational partnerships
between industry, academia, and the national labs is necessary to develop algorithms
needed for future commercial quantum systems.

The Department of Energy (DOE) Office of Science is the leading federal sponsor of
basic research in the physical sciences, and funds robust quantum technology
research. Al Lawrence Berkeley National Lab, the National Energy Research Scientific
Computing Center [NERSC) dllows scientists to run simulations of quantum
architectures. At Argonne National Lab's Center for Nanoscale Materidls, researchers
study atomic-scale materials in order to engineer the characteristics of quantum
information systems.

And at Fermi National Accelerator Laboratory scientists are applying their experience
in high energy physics to the study of quantum materials.

DOE must prioritize this kind of ground breaking basic research over grants for
technology that is ready for commercial deployment. When the government steps in
1o push today's technology info the market, it competes against private investors and
uses limited resources to do so.

But when the government supports basic research, everyone has the opportunity fo
access the fundamental knowledge that can lead to the development of future
technologies.

I want to thank our accomplished panel of withesses for testifying today, and 1 look
forward to a productive discussion about the fulure of American quantum technology
research. | think | speak for my fellow members when | say this is a complex fopic, and
Congress will need 1o rely on experts like you to chart the course for quantum
technologies.

HiH
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Chairwoman CoOMSTOCK. Thank you. And I now recognize the
Ranking Member of the Energy Subcommittee, Mr. Veasey, for his
opening statement.

Mr. VEASEY. Thank you, Chairwoman Comstock and Chairman
Weber, for holding this hearing, and thank you to the witnesses.
I really appreciate you being here today. As was mentioned, this
is a very complex topic, and you being here, providing your exper-
tise, I think is going to come in very handy today.

Quantum technologies have the potential to solve problems that
were previously out of reach and push scientific discovery to new
levels. A major breakthrough in this area could result in a signifi-
cant transformation in our communications systems, computational
methods, and even how we understand the world we live in.

In addition to the distinguished group of researchers on our sec-
ond panel, I am also delighted that we will hear from many of the
most important federal agencies that lead our nation’s research in
this very important field. I hope this becomes a practice that we
can expect for every relevant hearing this committee holds. The ac-
tivities within the federal government that support the develop-
ment of quantum technologies cut across many agencies, as we will
see by those testifying on the first panel.

I should note that in addition to NIST, NSF, and DOE, there are
also a number of quantum-related activities taking place within the
Department of Defense in DARPA and the military branches, as
well as within the intelligence community.

In 2016, the Obama Administration published an interagency
working group report that highlighted the need for continued in-
vestment across all these federal agencies. It also called for strong-
er coordination and focused activities to address the impediments
to progress in this field. Congress has provided consistent funding
for these activities, though I would note that in order to compete
with countries like China, Japan, Canada, and Italy, we will need
to grow the investments that we are already making.

Sadly, as we have come to expect with every hearing this Com-
mittee holds highlighting an important area of research, you can
trust that the Trump Administration has proposed making cuts.
Vital research in quantum materials is happening within the De-
partment of Energy’s Basic Energy Sciences program, and yet this
year the Trump Administration has proposed to cut this critical
program by $295 million, or 16 percent. While the Advanced Sci-
entific Computing Research Program saw a slight increase in fund-
ing, most of that increase was to the exascale computing project.
The research portfolio within this program that would actually sup-
port advancements in quantum computing saw a 15 percent cut in
the budget proposal released earlier this year. This is not, this is
not a path towards any sort of technological breakthroughs or
quantum leaps.

I would be remiss not to mention the Energy Frontier Research
Centers also. The centers have generally enjoyed bipartisan sup-
port since the Obama Administration launched these innovative re-
search collaborations across our national labs, universities, and in-
dustries. A few of these centers do important work that has the po-
tential to advance our understanding of quantum technologies.
They may provide us the breakthroughs we need to launch this
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field to new heights. While the Trump Administration also pro-
posed cuts to these centers, I hope and expect my colleagues in
Congress will continue to voice our strong support for researchers
and their vital work. Strong and sustained investment across our
research and innovation ecosystem is the only way we can expect
to see results from our world-class researchers at our national labs,
universities, and private companies. Quantum technologies are cer-
tainly no different in that regard.

I look forward to hearing from both panels today on where this
field can take us and what exciting new possibilities are on the ho-
rizon.

Thank you again, Madame Chair, and I’d like to yield back the
balance of my time.

[The prepared statement of Mr. Veasey follows:]
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Thank you Chairwoman Comstock and Chairman Weber for holding this hearing, and thank you
to the witnesses for being here today. Quantum technologies have the potential to solve
problems that were previously out of reach and push scientific discovery to new levels. A major
breakthrough in this area could result in a significant transformation in our communications
systems, computational methods, and even how we understand our world. In addition to the
distinguished group of researchers on our second panel, I am also delighted that we will hear
from many of the most important federal agencies that lead our nation’s research in this field. 1
hope this becomes a practice that we can expect for every relevant hearing this committee holds.

The activities within the federal government that support the development of quantum
technologies cut across many agencies, as we will see by those testifying on our first panel. I
should note that in addition to NIST, NSF, and DOE, there are also a number of quantum-related
activities taking place within the Department of Defense in DARPA and the military branches, as
well as within the intelligence community. In 2016, the Obama Administration published an
interagency working group report that highlighted the need for continued investment across these
federal agencies. It also called for stronger coordination and focused activities to address the
impediments to progress in this field.

Our work here in Congress has provided consistent funding for these activities, though I would
note that in order to compete with countries like China, Japan, Canada, and Ttaly, we will need to
grow the investments that we are already making. Sadly, as we have come to expect with every
hearing this Committee holds highlighting an important area of research, you can trust that the
Trump Administration has proposed to cut it. Vital research in quantum materials is happening
within the Department of Energy’s Basic Energy Sciences program, and yet this year the Trump
Administration has proposed to cut this critical program by $295 million or 16%. While the
Advanced Scientific Computing Research Program saw a slight increase in funding, most of that
increase was to the exascale computing project. The research portfolio within this program that
would actually support advancements in quantum computing saw a 15% cut in the budget
proposal released earlier this year. This is not the path towards a technological breakthrough or
quantum leaps.

I would be remiss not to mention the Energy Frontier Research Centers. The centers have
generally enjoyed bipartisan support since the Obama Administration launched these innovative
research collaborations across our national labs, universities, and industry. A few of these
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centers do important work that has the potential to advance our understanding of quantum
technologies. They may just provide us the breakthroughs we need to launch this field to new
heights. While the Trump Administration also proposed cuts to these centers, I hope and expect
my colleagues in Congress will continue our strong support for the researchers and their vital
work. Strong, sustained investment across our research and innovation ecosystem is the only
way we can expect to see results from our world-class researchers at our national labs,
universities, and private companies. Quantum technologies are certainly no different in that
regard.

1 am looking forward to hearing from both panels today on where this field can take us and what
exciting new possibilities are on the horizon. Thank you again, Madame Chair, and I yield back
the balance of my time.
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Chairwoman CoOMSTOCK. Thank you, and I now recognize the
Ranking Member of the full Committee for a statement, Mrs. John-
son.

Ms. JOHNSON. Thank you very much, and good morning. I really
appreciate you for holding this important hearing, and I want to
thank the witnesses for being here today.

Quantum technology is an emerging field that will likely have a
large impact on our nation’s competitiveness in the industries of to-
morrow. Its current and potential applications are frankly too nu-
merous to mention, as they range from enabling vast improvements
in our ability to discover and develop new pharmaceuticals to en-
suring the security of our most critical infrastructure. So, as the
Committee of the future, this is exactly the kind of area that we
should be focusing our attention on, and I would encourage our Ma-
jority to hold many more hearings that follow this example.

I also believe that we should strongly consider developing a Na-
tional Quantum Initiative, and I look forward to engaging with my
colleagues on the other side of the aisle in the hope that we can
put together bipartisan legislation to make this happen.

I would note that it will be much more difficult to ensure U.S.
leadership in this crucial field if we don’t at least provide sufficient
resources to maintain our current rate of progress. Yet the Admin-
istration is proposing significant cuts to the agencies and programs
that are at the vanguard of this effort. This would include an 11
percent cut to the National Science Foundation, a 6.6 percent cut
to the quantum science research at the National Institutes of
Standards and Technology, and a 16 percent cut to the Department
of Energy’s Basic Energy Sciences program. I look forward to hear-
ing more about the impacts of these proposed cuts from both of our
witness panels. Based on their written testimony alone, I expect
that we will hear more than enough justification for substantially
increasing our support for these quantum R&D efforts over the
next several years.

I thank you and yield back.

[The prepared statement of Ms. Johnson follows:]



26

OPENING STATEMENT
Ranking Member Eddie Bernice Johnson (D-TX)

House Committee on Science, Space, and Technology
Subcommittee on Research and Technology
Subcommittee on Energy
“dmerican Leadership in Quantum Technology”
October 24, 2017

Thank you Chairwoman Comstock and Chairman Weber for holding this important hearing, and
thank you to the witnesses for being here today. Quantum technology is an emerging field that
will likely have a large impact on our nation’s competitiveness in the industries of tomorrow. Its
current and potential applications are frankly too numerous to list, as they range from enabling
vast improvements in our ability to discover and develop new pharmaceuticals to ensuring the
security of our most critical infrastructure.

So, as the Committee of the future, this is exactly the kind of area that we should be focusing our
attention on, and I would encourage our Majority to hold many more hearings that follow this
example. I also believe that we should strongly consider developing a National Quantum
Initiative, and I look forward to engaging with my colleagues on the other side of the aisle in the
hope that we can put together bipartisan legislation to make this happen. I would note that it will
be much more difficult to ensure U.S. leadership in this crucial field if we don’t at least provide
sufficient resources to maintain our current rate of progress. Yet the Administration is proposing
significant cuts to the agencies and programs that are at the vanguard of this effort. This would
include an 11% cut to the National Science Foundation, a 6.6% cut to quantum science research
at the National Institute of Standards and Technology, and a 16% cut to the Department of
Energy’s Basic Energy Sciences program.

1 look forward to hearing more about the impacts of these proposed cuts from both of our witness
panels. Based on their written testimony alone, I expect that we will hear more than enough
justification for substantially increasing our support for these quantum R&D efforts over the next
several years.

Thank you again and I yield back.
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Chairwoman CoMSTOCK. Thank you.

I will now introduce our first panel of witnesses. Our first wit-
ness today is Dr. Carl Williams, Acting Director of the Physical
Measurement Laboratory at the National Institute of Standards
and Technology. Dr. Williams is a Fellow of the Joint Quantum In-
stitute and the Joint Center for Quantum Information in Computer
Science, and he is an Adjunct Professor of Physics at the Univer-
sity of Maryland. He also directs the Quantum Information Pro-
graSm and helps lead the National Strategic Computing Initiative at
NIST.

Additionally, he’s a member and chairs interagency efforts in
support of these activities under the Committee of Science of the
National Science and Technology Council. He received a Bachelor
of Arts in physics from Rice University and a Ph.D. from the Uni-
versity of Chicago.

Dr. Jim Kurose is our second witness. He’s the Assistant Director
of Computer and Information Science and Engineering Directorate
at the National Science Foundation. Prior to NSF, he was a Distin-
guished Professor in the School of Computer Science at the Univer-
sity of Massachusetts-Ambherst.

He also currently serves as Co-Chair of the Networking and In-
formation Technology Research and Development Subcommittee of
the National Science and Technology Council Committee on Tech-
nology, which provides overall coordination for the IT research and
development activities of 18 federal government agencies and of-
fices. He holds a Bachelor of Arts in physics from Wesleyan Univer-
sity as well as a Masters of science and a Ph.D. in computer
science from Columbia University.

Dr. Stephen Binkley is our third witness today, and he is Acting
Director of Science at the U.S. Department of Energy. In this role,
he provides scientific and management oversight for the six science
programs of the Office of Science including advanced scientific com-
puting research. Previously, he has held senior positions at Sandia
National Laboratories, the Department of Homeland Security, and
the Department of Energy. He has conducted research in theo-
retical chemistry, material science, computer science, applied math-
ematics, and microelectronics. He received a Bachelor of Science in
chemistry from Elizabethtown College as well as a Ph.D. in chem-
istry from Carnegie Mellon University.

I now recognize Dr. Williams for five minutes to present his testi-
mony.

TESTIMONY OF DR. CARL J. WILLIAMS, ACTING DIRECTOR,
PHYSICAL MEASUREMENT LABORATORY,
NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY

Dr. WiLLiaMS. Thank you. Ranking Member Johnson, Chair-
woman Comstock, Chairman Weber, Ranking Member Lipinski,
Ranking Member Veasey, and members of the Subcommittees, I
am Dr. Carl Williams, the Acting Director of the Physical Measure-
ment Laboratory at the Department of Commerce, National Insti-
tute of Standards and Technology, known as NIST. Thank you for
the opportunity to appear before you today to discuss NIST’s role
in quantum science and quantum computing.
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As this nation’s national metrology institute, NIST conducts
basic and applied research in quantum science to advance the field
of fundamental metrology as part of it’s core mission by developing
more precise measurement tools and technologies to address indus-
try’s increasingly challenging requirements. This work has posi-
tioned NIST both as a global leader among national metrology in-
stitutes, and as one of the world’s leading centers of research and
engineering.

While NIST’s work in quantum science is revolutionizing the
world of metrology, it also has direct application to quantum com-
munications and quantum computation. Today I'll describe in de-
tail more of NIST’s quantum research efforts and how they are
being leveraged to positively advance the field.

Many nations view leadership in quantum computing as critical
to making significant breakthroughs in medicine, manufacturing,
artificial intelligence, and defense and reaping the rewards from
those investments and breakthroughs. The United States has long
been viewed as a leader in quantum science, information, and com-
puting. Significant historic investments by the U.S. government
have supported a robust base of fundamental research and this has
led to several transformational breakthroughs in the field.

Today, U.S. leadership in quantum science and technology is in-
creasingly dependent on significant investments from U.S. tech-
nology giants and major defense companies with a natural interest
in many commercial applications of quantum technology beyond
computing. These applications include quantum communications,
quantum algorithms and software, data security, imaging, and
quantum sensors, and could be applied to anything from national
security to the Internet of Things to advance sensors for gas and
oil exploration.

While NIST has made significant breakthroughs, the rest of the
world has not been standing still, and U.S. companies are taking
notice. Worldwide interest in investment quantum computing-re-
lated technologies have spiked in recent years, following important
increasingly complex technological demonstrations by overseas re-
search efforts.

At NIST, our researchers study and harness quantum mechan-
ical properties of light and matter in some of the most well-con-
trolled measurement environments to create the world’s most sen-
sitive and precise sensors and atomic clocks. NIST has been a lead-
er in the field of quantum information from the beginning and its
multiple Nobel prize-winning contributions have helped move
quantum computing and quantum information scientific fields of
study to technological ones.

These breakthroughs in precision timekeeping have critical real-
world applications to navigation and timing. Today, commercial
atomic clocks contained in GPS satellites provide the timekeeping
precision that we take for granted when we use our GPS devices
to pinpoint our location to within a meter of almost anywhere on
Earth. Atomic clocks are just one example of NIST research focus
on measurement science and has applications to quantum com-
puting.

Superconductors are also used by researchers at NIST to make
ultrasensitive single photon detectors using precision photonic
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measurements. These specially designed sensors have become es-
sential components in experiments at NIST to test the foundations
of quantum mechanics and realize quantum teleportation. Progress
in quantum teleportation is expected to be essential for eventual
commercial quantum computing and for other forms of quantum in-
formation transfer.

NIST’s programs on quantum algorithms and postquantum
cryptology further build on our core effort in quantum information
theory with a focus on addressing security challenges anticipated
when practical quantum computers are realized. NIST, working
with industry has played a leading role since the 1970s in devel-
oping cryptographic standards. NIST researchers are using their
understanding of quantum algorithms to create new classical
encryption algorithms, commonly referred to as post-quantum cryp-
tography, that will be resistant to quantum computing attacks.

NIST recognizes that it has an essential role to play in U.S. lead-
ership in quantum computing and information. However, that role
is not to build a quantum computer. NIST’s role, consistent with
its mission, is to develop the foundational knowledge and measure-
ment science support for U.S. leadership in quantum computing
and to ensure that our cybersecurity infrastructure remains resil-
ient in the quantum era.

NIST is extremely proud of the world-class quantum science,
quantum information, mathematics and computer science pro-
grams, and we appreciate the support of this Committee for NIST’s
research efforts. Sustained advancements by NIST in these fields
continue to underpin success in many parts in its measurement
science mission and to contribute to U.S. leadership in quantum
computing.

Thank you for the opportunity to testify today. I would be happy
to answer any questions you may have.

[The prepared statement of Dr. Williams follows:]
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Introduction

Chairwoman Comstock, Ranking Member Lipinski, Chairman Weber, Raking Member Veasey,
and members of the Subcommittees, I am Dr. Carl Williams, the Acting Director of the Physical
Measurement Laboratory (PML) at the Department of Commerce’s National Institute of
Standards and Technology (NIST). Thank you for the opportunity to appear before you today to
discuss NIST’s roles in quantum science and quantum computing.

As this nation’s national metrology institute, NIST’s overall mission is to promote U.S.
innovation and industrial competitiveness by advancing measurement science, standards, and
technology in ways that enhance economic security and improve our quality of life. NIST does
this through programs focused on national priorities from cybersecurity, advanced manufacturing
and the digital economy to precision metrology, biosciences, and more.

NIST conducts basic and applied research in quantum science to advance the field of
fundamental metrology as part of its core mission, by developing more precise measurement
tools and technologies to address industry’s increasingly challenging requirements. This work
has positioned NIST both as a global leader among national metrology institutes, and as one of
the world’s leading centers of quantum research and engineering. While NIST’s work in
quantum science is revolutionizing the world of metrology, it also has direct application to
quantum communications and quantum computation. Today, I'll describe in more detail some of
NIST’s quantum research efforts and how they are being leveraged to positively advance the
field.

Quantum Computing and Quantum Information Science

Quantum mechanics revolutionized science in the 20" century, leading to technological
breakthroughs including the invention of the laser and the transistor. Today’s most advanced
communication and computation technologies are based on those mid-20® century inventions.

Science and society is poised for a second quantum revolution in the 21% century, one in which
we will employ our new-found ability to exploit quantum mechanical phenomena to push
beyond the limits of classical computing and communications. Phenomena such as superposition
(the ability of a particle to be in several different states at the same time) and entanglement (the
ability of two particles to share information even at a distance) lie at the heart of what makes a
quantum computer so much more powerful than even today’s most advanced classical
supercomputers.

So, what are quantum computing and quantum information? Unlike classical computers, which
process high and low voltages as 1°s and 0’s to form bits of information that get shuttled around,
quantum computers manipulate quantum bits of information, or qubits. A qubit’s information is
in the form of a discrete state, such as the magnetic spin of an electron. Due to quantum
mechanical phenomena such as superposition, these qubits can be both a 1 and a 0 at the same
time.

To understand this, we can imagine a normal classical bit as able to represent only two points on
the surface of a sphere——such as the north and south poles of the earth. In contrast, a qubit could

2
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represent any point on the surface of that sphere. This superposition, together with the shared
fate resulting from entanglement between multiple qubits together, is what gives a quantum
computer the superior computational power that will make it uniquely capable of solving
complex problems, including perhaps most notably the breaking of current encryption schemes.

NIST’s expertise in quantum science is mainly focused on the use of quantized states of light and
matter and their manipulation and interaction as quantum bits of information to make ultra-
precise sensors and measurement tools. This application falls under a broader field of study that
we refer to as “quantum information science,” which lies at the intersection of computer science,
mathematics, and quantum science. The breakthroughs that NIST is making in this field will
have direct relevance and application to quantum computing.

Recent Investments and Advancements Abroad

Many nations view leadership in quantum computing as critical to making significant
breakthroughs in medicine, manufacturing, artificial intelligence, and defense, and to reaping the
rewards from those investments and breakthroughs. The U.S. has long been viewed as a leader
in quantum science, information, and computing. Significant historic investment by the U.S.
government has supported a robust base of fundamental research, and this has led to several
transformational breakthroughs in the field.

Today, U.S. leadership in quantum science and technology is increasingly dependent on
significant investments from U.S. technology giants and major defense companies with a natural
interest in the many commercial applications of quantum technology beyond computing. These
applications include quantum communications, quantum algorithms and software, data security,
imaging, and quantum sensors, and could be applied to anything from national security to the
Internet of Things, to advanced sensors for gas and oil exploration. Applications for quantum
sensors include novel approaches to precision navigation and timing, as well as technologies that
could provide a backup or holdover function for global positioning systems or GPS.

While the U.S. has made significant breakthroughs, the rest of the world has not been standing
still—and U.S. companies are taking notice. Worldwide interest and investment in quantum
computing and related technologies has spiked in recent years, following important and
increasingly complex technological demonstrations by overseas research efforts.

The European Union has launched an effort to invest 2 billion euros over the next 10 yearsina
recently launched EU Flagship Quantum Program. The United Kingdom has created a set of
quantum hubs aimed at exploiting the various application spaces within quantum information
science.

Perhaps even more noteworthy is China’s rapid investment in quantum technology and the
dramatic advances by China in the area of quantum communication. Earlier this year, China sent
entangled photons from a satellite to the ground 1200 kilometers away, smashing several
quantum communication distance records. More recently, China has demonstrated the world’s
first atomic clock in space using cold atoms, which can far outperform the atomic clocks in U.S.
GPS, and can further support future advanced quantum networks.
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NIST’s History and Role in Quantum Computing and Information

At NIST, our researchers study and harness the quantum mechanical properties of light and
matter in some of the most well-controlled and defined measurement environments to create the
world’s most sensitive and precise sensors and atomic clocks. NIST has been a leader in the
field of quantum information from the beginning, and its multiple Nobel Prize-winning
contributions have helped move quantum computing and quantum information from purely
scientific fields of study to technological ones.

NIST scientists began researching quantum information in the early 1990s in their quest to make
better atomic clocks. Qubits and atomic clocks may seem worlds apart, but experimentally they
are very much the same thing. By 2000, NIST had established a formal quantum information
program.

Atomic Clocks: The Power of One Qubit

Atomic clocks define the second and tell time with amazing precision. For example, the most
accurate U.S. atomic clock currently used for defining the second is the NIST-F2. It keeps time
to an accuracy of less than a millionth of a billionth of a second. Stated in another way, the
NIST-F2 clock will not lose a second in at least 300 million years. And just this month, NIST
published a description of a radically new atomic clock design—the three-dimensional (3-D)
quantum gas atomic clock. With a precision of just 3.5 parts error in 10 quintillion (1 followed
by 19 zeros) in about 2 hours, it is the first atomic clock to ever reach the 10 quintillion
threshold, and promises to usher in an era of dramatically improved measurements and
technologies across many areas based on controlled quantum systems.

These breakthroughs in precision timekeeping have critical real-world applications to navigation
and timing. Today, commercial atomic clocks contained in GPS satellites provide the
timekeeping precision that we take for granted when we use our GPS devices to pinpoint our
location to within a meter almost anywhere on earth.

NIST’s most advanced atomic clocks, so precise that they will not lose a second over the life of
the universe, also are being applied to make the world’s most sensitive measurements of
quantities other than time. For example, NIST is actively pursuing the use of atomic clocks as
quantum sensors, another application of quantum information, for a range of entirely new
technologies. NIST is now able to detect the barely perceptible slowing of time in a large
gravitational potential. This is the second form of time dilation predicted by Einstein in his
general theory of relativity and may help scientists detect gravitational waves or prospectors find
hidden oil reserves and mineral deposits. The technology might even have the potential to allow
scientists to predict earthquakes days or even weeks before a cataclysmic event.

Quantum Logic

NIST’s breakthroughs in the measurement of time also have laid the technological foundations
for how to manipulate quantum information. NIST’s pioneering work in the cooling and
trapping of ions and atoms to improve timekeeping provided NIST researchers with the
experimental platform to demonstrate the first two-qubit quantum logic gate in 1995, by
controlling and entangling the energy levels of two ions. Logic gates in classical computers are
used to process information. By analogy, quantum logic gates form the basic building block for
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quantum computing. Scaling up to experiments involving multiple logic gates provides a
platform to test more complex quantum computing theory.

Other Quantum Computing Technologies

Atomic clocks are just one example of NIST’s research focused on measurement science that has
applications to quantum computing. NIST also is the world’s leader in specially designed
devices, made from superconductors, known as Josephson Junctions. Josephson Junction
technology is used by NIST to realize and disseminate NIST’s quantum voltage standard. The
quantum voltage standard is also integral to the proposed 2019 effort to redefine the international
system of units {colloquially, the metric system) to be based on fundamental constants of nature,
as defined through world-leading experiments at NIST such as the “electronic kilogram™. This
same technology is being explored as a key competitor to trapped ions and atoms as another way
to manipulate and store quantum information.

Additionally, Superconductors are used by researchers at NIST to make ultra-sensitive single
photon detectors used in precision photonic measurements at NIST and by external stakeholders.
These specially designed sensors have become essential components in experiments at NIST to
test the foundations of quantum mechanics and realize quantum teleportation. In quantum
teleportation, quantum information gets transmitted instantaneously from one qubit to another.
Discrete photons, like ions and atoms, can also be carefully controlled and entangled to form
qubits. Prior to China’s recent 1200 kilometer demonstration, NIST had held the distance record
for quantum teleportation, transmitting information between photons separated by 100
kilometers. Progress in quantum teleportation is expected to be essential for eventual
commercial quantum computing, and for other forms of quantum information transfer.

In the end, building a quantum computer will involve many disparate quantum technologies.
Those technologies will need to be integrated to provide long-term storage and memory,
transmission or teleportation, transduction, and detection of qubits while not corrupting the
qubit’s extremely delicate state.

Quantum Information Theory and Validation and Verification

In 2002, NIST hired its first quantum information theorist. This began a quantum information
program which has led to new and improved approaches for quantum error correction,
techniques for reliably characterizing quantum states produced in the laboratory, and concepts
for randomized benchmarking of quantum gates. These concepts have provided crucial insights,
which NIST has used to further improve our experimental efforts and those of other research
groups. For example, randomized benchmarking has become the standard by which research
groups around the world characterize and compare the quality of their computational paradigms.

Quantum Algorithms and Post-Quantum Cryptography

NIST programs on quantum algorithms and post-quantum cryptography further build on our core
efforts in quantum information theory with a focus on addressing security challenges anticipated
when practical quantum computers are realized. NIST, working with industry, has played a
leading role since the 1970s in developing cryptography standards. Today’s classical computers
and computer networks employing Public Key Cryptography are using cryptography
standardized by NIST. Unfortunately, these standards will not be resistant to attack by quantum
computers. NIST researchers are using their understanding of quantum algorithms to create new

5
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classical encryption algorithms, commonly referred to as post-quantum cryptography, that will
be resistant to quantum computing attacks.

NIST’s Joint Institutes with Universities

NIST also supports joint centers with the University of Colorado Boulder (UC) and the
University of Maryland (UMD). JILA at UC was founded in 1962 and has been doing research
in quantum science and in atomic clocks and is evolving into quantum information science. Two
joint centers in quantum information science at UMD were established more recently. The Joint
Quantum Institute (JQI) was established in 2006 through a cooperative effort between NIST,
UMD, and the Laboratory for Physical Sciences. The Joint Center for Quantum Information and
Computer Science (QuICS) was established in 2014 to complement JQI’s experimental and
theoretical work by focusing the use of quantum systems to process, transmit and store quantum
information. Taken together, NIST’s joint institutes interact strongly to push the frontiers of
quantum science, information, and computing and provide a training ground for industry’s future
quantum workforce.

Conclusion

NIST recognizes that it has an essential role to play in U.S. leadership in quantum computing and
information. However, that role is not to build a quantum computer. NIST’s role, consistent
with its mission, is to develop the foundational knowledge and measurement science support for
U.S. leadership in quantum computing, to create the basis for characterizing quantum logic gates,
to explore approaches to quantum control and error correction, to develop rudimentary quantum
processors that are capable of creating the exotic quantum states that will allow improvement of
our measurements beyond the standard quantum limit, and to ensure that our cybersecurity
infrastructure remains resilient in the quantum era. Part of this foundational knowledge will
come from using NIST’s measurement platforms to experimentally conduct quantum simulations
and validate quantum computing theory. NIST also anticipates that the early adoption of the
quantum technologies that emerge as NIST continues to develop the world’s most precise atomic
clocks (quantum logic clocks) and quantum based sensors will ultimately provide substantial
support to the effort to build a quantum computer.

NIST is extremely proud of its world-class quantum science, quantum information, mathematics,
and computer science programs, and we appreciate the support of this Committee for NIST’s
research efforts. Sustained advancements by NIST in these fields continue to underpin success
in many parts of NIST’s measurement science mission and contribute to U.S. leadership in
quantum computing. Thank you for the opportunity to testify today. I would be happy to answer
any questions you may have.
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Chairwoman COMSTOCK. Thank you, and I now recognize Dr.
Kurose for five minutes to present his testimony.

TESTIMONY OF DR. JIM KUROSE, ASSISTANT DIRECTOR,
COMPUTER AND INFORMATION SCIENCE
AND ENGINEERING DIRECTORATE,
NATIONAL SCIENCE FOUNDATION

Dr. KUROSE. Thank you very much. Good morning, Ranking
Member Johnson, Chairwoman Comstock, Chairman Weber, Rank-
ing Member Lipinski, and Ranking Member Veasey. My name is
Jim Kurose. I'm the Assistant Director at the National Science
Foundation for Computer and Information Science and Engineer-
ing. As you know, the National Science Foundation supports funda-
mental research in all areas of science and engineering disciplines;
supports for education and training for the next generation of dis-
coverers and innovators, and contributes to national security and
U.S. economic competitiveness. I welcome this opportunity to high-
light the promise of quantum information science, which I'll call
QIS—so that’s a little bit of an acronym alert here—and NSF’s in-
vestment in QIS and their impact on our nation’s security and
economy.

QIS harnesses quantum phenomena with the promise of creating
more precise measurement systems, more accurate sensors, more
secure communication, and more advanced computers that will out-
perform today’s most powerful digital supercomputers on a range
of problems in materials science, molecular simulation, design and
optimization, and cryptography. There will be benefits in nearly all
areas and all sectors of the economy as well as new challenges, par-
ticularly in the area of cybersecurity.

NSF’s investments in fundamental long-term research have been
crucial to a national strategy for sustaining leadership in QIS. For
several decades, NSF has funded research that has defined the
frontiers of QIS. NSF’s investments in QIS research span multiple
disciplines including mathematical and physical sciences, engineer-
ing, and computer science, and in four areas: in the fundamentals
that advance our understanding of uniquely quantum phenomena
and their interaction with classical systems; in elements that
model, control, and exploit quantum particles and measure them,;
in software systems and in algorithms that enable quantum infor-
mation processing; and in the workforce including training a new
generation of scientists, engineers, and educators for a globally
competitive workforce.

NSF annually has invested approximately $30 million in QIS re-
search and education activities plus another $40 million in facility-
related investments. Looking forward, QIS will continue to be an
important part of NSF’s research portfolio.

The National Science Foundation recently announced 10 Big
Ideas that form a cutting-edge research agenda. One of these Big
Ideas, the Quantum Leap: Leading the Next Quantum Revolution,
is aimed squarely at advancing QIS. Another Big Idea, Growing
Convergence Research at NSF, seeks the deep integration of knowl-
edge, techniques and expertise from multiple fields that are needed
to address scientific challenges in areas including QIS.
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NSF’s investments in QIS research have been accompanied by in-
vestments in education and workforce development as well. Aca-
demic QIS researchers are also teachers. They take their latest de-
velopments from the lab to the classroom and they mentor research
students and postdocs. For example, Dr. Krysta Svore was an NSF-
funded graduate student at Columbia University focusing on com-
putational complexity in quantum computing. Today she’s a leader
at Microsoft Research developing real-world quantum algorithms
and designing quantum software architectures. Dr. Svore is em-
blematic of the unique flow of ideas and people and artifacts be-
tween academia and industry in our nation. In information tech-
nology areas, this flow has been characterized by the so-called “tire
tracks diagram,” which documents in multiple reports from the Na-
tional Academies the flow of ideas, people and artifacts back and
forth. Indeed, NSF frequently partners with industry to accelerate
programs in mutual areas of interest, and QIS is one of these
areas.

NSF’s close coordination and collaboration with other federal
agencies has been critical in shaping its QIS investments. Together
with DOE and NIST, NSF co-chairs the Interagency Working
Group on Quantum Information Science, which was established in
2009 under the National Science and Technology Council’s Com-
mittee on Science. Last year, the QIS working group released a re-
port, Advancing Quantum Information Science: National Chal-
lenges and Opportunities, which notes the promise in this area and
NSF’s key role as an agency in supporting QIS fundamental re-
search, workforce development, and technology transfer.

My testimony today has really emphasized the potential of QIS
in a wide range of areas from harnessing unrivaled computing
power to securing communications to developing novel therapeutics
for some of our most vexing diseases. NSF has made significant
long-term investments in fundamental and multidisciplinary QIS
research. These investments have laid the foundations for QIS as
we know it today, and in turn are enabling U.S. researchers and
industry to lead abroad. I've described how NSF’s education port-
golio is working to develop a next-generation QIS-capable work-
orce.

This concludes my remarks, and I'm very happy to answer ques-
tions.

[The prepared statement of Dr. Kurose follows:]
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American Leadership in Quantum Technology

Good afternoon, Chairwoman Comstock, Chairman Weber, Ranking Member Lipinski, Ranking Member
Veasey, and members of the Subcommittees. My name is Jim Kurose and | am the Assistant Director of
the National Science Foundation {NSF) for Computer and Information Science and Engineering (CISE).

As you know, NSF is dedicated to advancing progress in all fields of science and engineering. NSF funds
fundamental research across all science and engineering disciplines; supports education of the next
generation of innovative thinkers, discoverers, and leaders; and contributes to national security and US
economic competitiveness. | welcome this opportunity to highlight NSF's investments in quantum
information science {QIS} specifically, including our efforts to work collaboratively with other Federal
agencies and industry stakeholders.

Investments in fundamental, long-term, transformative research such as QIS are crucial to an effective
national strategy for achieving and sustaining U.S. technological leadership. NSF co-chaired a recent
National Science and Technology Council {NSTC) report titled Advancing Quantum Information Science:
National Challenges and Opportunities®. This report, which was developed jointly by the NSTC
Committees on Science as well as Homeland and National Security, provides a brief description of the
field of QIS, summarizes developments and potential impacts in various areas of fundamental research
and technology, surveys existing Federal investments, and articulates a path forward for overcoming
barriers to QIS progress, including transitioning promising research to practice and supporting education

 Advancing Quantum Information Science: National Challenges and Opportunities,
https://www.whitehouse gov/sites/whitehouse gov/files/images/Quantum Info Sci Report 2016 07 22%20final
-pdf.
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and training. In particular, the report recommends that QIS be considered a priority for Federal
coordination and investment in order to ensure sustained US leadership in QIS and associated emerging
technologies for decades to come. NSF's investments in QIS are aligned with this report. Additionally, a
series of workshops have continued to inform NSF's investment strategy in QUS, and enabled strong
coordination and collaboration with Federal agency partners and industry stakeholders.

Over the last several decades, NSF has sought to fund the frontiers of QIS research, capitalize on the
intellectual capacity of both young and experienced investigators in our Nation’s academic and research
institutions, and promote connections between academia and industry. Collectively, these activities are
essential for innovation in QIS, and in turn contribute to national security and economic growth in both
the near and long terms.

indeed, we are already witnessing how many powerful QIS innovations being led by industry today are
predicated on fundamental research outcomes generated with NSF funding. Let me share with you a
few examples of the important contributions made recently by the QIS research community with NSF as
well as other Federal support, and how they are being leveraged in industry today:

e As early as 1999, NSF served as a “convener,” stimulating workshops and so-called “Ideas Labs” that
brought together multidisciplinary perspectives from academia, industry, and government to
identify opportunities to accelerate the emerging field of QIS.

e Dr. Krysta Svore, an NSF-funded graduate student at Columbia University in the 2000s, made
advances in the theory of computational complexity in the context of quantum computing. More
than a decade later, today she is a leader at Microsoft in developing real-world quantum algorithms,
understanding their implications, and designing comprehensive software architecture for
programming such as algorithms on a quantum computer?,

¢ Dr. John Martinis, a physics professor at the University of California, Santa Barbara (UCSB), was
hired, along with his entire team, by Google in September 2014 to develop new guantum computing
hardware®. With funding from NSF, Dr. Martinis and his team at UCSB contributed significantly to
breaking barriers in the construction of a quantum computing device beginning as early as 2005.
Much of his work has focused on the stability of quantum bits, or “qubits” {the quantum analog of
the digital bits in today's computers) — one of the foremost challenges in QIS.

* Recognizing the inherent multidisciplinary aspects of QIS, which spans physics, engineering,
computer science, and materials science, among other domains, NSF has long funded cross-
disciplinary research centers integrated with early-career development activies. These investments
are often in collaboration with universities, private foundations such as the Gordan and Betty Moore
Foundation, and other Federal agencies including those represented at this hearing this morning.
These larger, more comprehensive research activities have served to create the next generation of
quantum scientists for U.S. companies such as Google, Microsoft, and iBM. Examples include the
Institute for Quantum Information and Matter at the California Institute of Technology, the Center
for integrated Quantum Materials at Harvard University, and the Center for Quantum information
Control at the University of New Mexico, one of only four Research/Doctoral-Extensive institutions
in the country to also be designated as Hispanic-serving.

% Krysta M. Svore, Principal Research Manager, Microsoft Research, https://www.microsoft.com/en-
us/research/peopie/ksvore/.

3 “The Man Who Will Build Google's Elusive Quantum Computer,” Wired, Sept. 5, 2014,
https://www.wired.com/2014/09/martinis/.
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Moreover, as | will describe later in my testimony, NSF is pioneering multidisciplinary, collaborative
research programs in QIS across its directorates. Looking forward, NSF will continue to bring the
problem-solving capabilities of the Nation’s best and brightest minds to bear on the persisting QIS
challenges of today and tomorrow.

QIS research and education are now at an “inflection point,” with rapid advances and growing domestic
and international investments in QIS, particularly in industry. Now is the time to build on past Federal
investments in QIS research and education to enable frontier advances in QIS that will transform:

* Fundamental science and engineering, both in discovering unanticipated phenomena and using
them to study nature;

+ Technology that leads to novel computing architectures and methods, combined with radically new
quantum-based sensing and imaging technologies, modeling and simulation approaches, and secure
communication tools;

* The workforce, which will be trained to “think quantum” across many disparate fields;

* The economy, where new industries will arise that will be crucial for maintaining U.S. leadership;
and

* National security, by harnessing QIS capabilities and nurturing the next-generation workforce to
provide national security practitioners with the best tools to protect systems.

Defining QIS: The Potential for Transformative Societal Impact

Quantum information science (QIS) harnesses quantum phenomena to create measurement systems
with greater precision, sensors and detectors that are more accurate, and computers that will
outperform the most powerful digital supercomputers available today. But QIS is far more than this set
of technological applications; it is an area of deep scientific inquiry in and of itself.

Today’s conventional computing and communication devices use binary digits {or “bits”) as the basic
unit of information. A bit can have only one of two values at any given moment, most commonly either
“0” or “1.” By contrast, quantum computing relies upon quantum bits (or “qubits”), whichcan be ina
“superposition” of both states at the same time, i.e., a qubit can be “0,” “1,” or both simultanecusly. Let
me draw an analogy: if a bit is similar to a stationary coin, where the head is 0 and the tail is 1, a qubit
can be thought of as the coin while it is tossed in the air; the coin is spinning with no determined value
({head, 0, or tail, 1) at any given point in time, until it is caught. This superposition — a quantum
mechanics property — coupled with other quantum mechanics properties {e.g., “entanglement,” or the
ability for a quantum particle to change its state instantaneously upon an operation on or measurement
of a completely different but entangled particle), allows qubits to provide massive memory, sensing, and
computational capabilities. QIS systems thus offer the potential to solve many challenges that are
intractable with today’s traditional digital technologies, from modeling deadly diseases to enhancing
cybersecurity.

For example, QIS offers the promise of transcending today’s cybersecurity challenge by providing
absolutely secure communication. At the same time, quantum computers have the potential to render
today’s cryptographic approaches insecure, including those used for nearly all electronic commerce
transactions. Quantum computing at scale would thus require a complete revision of cryptographic
standards and protocols.
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Quantum computers may also help with the design of new materials and compounds, including
potential therapeutics, by allowing more efficient, higher-resolution computational simulations of
material properties and protein folding patterns. Quantum computing has the potential to significantly
reduce cost and create opportunities in the design process, enabling new types of materials and
compounds not known today.

In these examples, the promise of quantum computing results from it being able to compute answers far
faster than a traditional digitial computer. Indeed, for some computing challenges, a quantum computer
could be so much faster that it could be capable of solving problems that simply cannot be solved by
traditional digital computers.

Similarly, quantum sensors such as magnetometers can offer higher sensitivity, with reduced energy,
cooling, and shielding requirements than conventional magnetometers. As a result, they promise to
make new forms of cancer imaging possible, with fewer deleterious effects. For example, quantum
sensors could radically improve the sensitivity and resolution of microwave tomography, offering
significant potential in imaging breast cancer.

A History of Sustained NSF Investment in QIS: The Foundations for Future Advances

In keeping with its mission “to promote the progress of science; to advance the national health,
prosperity, and welfare; to secure the national defense...,” NSF has long supported fundamental
research related to QIS. For example, in 1999, NSF funded a landmark workshop, titled Quantum
Information Science: An Emerging Field of Interdisciplinary Research and Education in Science and
Engineering. This-workshop outlined key research areas for the community to pursue with increased
investment®. ’

NSF’s investments i QIS have continued to grow since that seminal workshop. From FY 2000 to FY 2004,
QIS was a component of the NSF’s Information Technology Research (ITR) program, with relevant
research supported by multiple NSF directorates. Also during this period, in FY 2001 and FY 2002, NSF
ran the Quantum and Biologically Inspired Computing (QuBIC) program, supporting interdisciplinary
research that led to new insights and understanding in QIS as well as biologically-inspired computing; a
key goal of QuBIC was to unite information science across computer science, physics, biology, and
engineering. In FY 2005, the Quantum Information Science and Revolutionary Computing program was
established by NSF’s Directorate for Mathematical and Physical Sciences (MPS), with funding and
engagement from the CISE directorate as well as the Directorate for Engineering (ENG); this program
continues today as the Quantum Information Science program. In FY 2012, the CISE-MPS
Interdisciptinary Facuity Program in Quantum Information Science was launched.

In FY 2016, NSF’s ENG directorate invested $12 million in quantum technologies for secure
communication through the Advancing Communication Quantum Information Research in Engineering
(ACQUIRE) research area within its Emerging Frontiers in Research and innovation (EFRI) program —a
longstanding program that seeks to expand the limits of knowledge in the service of grand chailenges
and national needs. This EFRI/ACQUIRE project currently supports six interdisciplinary teams consisting

4 Quantum Information Science: An Emerging Field of Interdisciplinary Research and Education in Science and

Engineering, hitps://www.nsf.gov/pubs/2000/nsf00101/nsf00101 . htm.
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of 26 researchers at 15 institutions to perform transformative, fundamental research to develop
systems that use photons in pre-determined quantum states as a way to encrypt data.

In addition to these focused programs supporting QIS research and capacity building, NSF also supports
research and education activities in QIS through a number of core research programs within its CISE,
ENG, and MPS directorates. For example, NSF's Secure and Trustworthy Cyberspace {SaTC) program,
which is led by the CISE directorate in partnership with the Directorates for Education and Human
Resources {EHR), ENG, MPS, and Social, Behavioral, and Economic Sciences (SBE), supports post-
quantum cryptography, i.e., the development of cryptographic systems that are secure against both
quantum and classical computers, and that can interoperate with existing communication protocols and
networks.

Lastly, NSF has frequently supported QIS workshops to build capacity within the research community.
Bringing together academics from across the many disciplines that are core to QIS, along with
stakeholders in other Federal agencies and industry, has proved to be tremendously fruitful in
developing a forward-looking research agenda.

Promising QIS Research Areas

Building on these past investments, NSF continues to support science and engineering research at colleges and
universities across the Nation to advance our understanding of underlying QIS phenomena and to develop
radically new technologies at the quantum frontier. in particular, NSF investments span four key areas:

1. Quantum Fundamentals: Advance fundamental understanding of uniquely quantum phenomena
and their interface with classical systems across a broad range of conditions;

2. Quantum Elements: Transform our ability to measure, model, control, and exploit quantum
particles in single and multi-particle quantum systems;

3. Quantum Systems: Design and develop hardware, software, and underlying algorithms needed for
controllable and scalable quantum information processing; and

4. Quantum Workforce: Train a new generation of scientists, engineers, and educators for a
transdisciplinary, globally competitive workforce in QIS.

NSF is well positioned to support this multidisciplinary research through its research directorates, and continues to
work in collaboration with Federal agency partners and industry leaders to realize innovations with societal
impact.

Next | will elaborate on the four areas defined above.

The first, Quantum Fundamentals, offers the ability to understand and control quantum de-coherence, and
generate, measure, and manipulate quantum entangled states; characterize, verify, and exploit the full range of
capabilities of quantum algorithms and simulations for exponential speedup, along with their applicationto a
growing range of problems, including expanding quantum complexity theory; and discover, analyze, and
understand the fundamental properties of novel quantum many-body states of matter with tailored properties
that can be exploited for quantum technologies, including controling multiple degrees of freedom using light-
matter interactions at fine resolutions.

The second area, Quantum Elements, aims to transform our ability to measure, model, control, and exploit
quantum phenomena in single and multi-particle systems into technologies that can be harnessed to build
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components that together will constitute a usable quantum system. Research challenges here include utilizing
quantum superposition of states, entanglement, and quantum squeezing in metrology; characterizing and
minimizing noise, and developing, testing, and implementing quantum error corrections; and developing efficient,
high-resolution methods to generate, control, manipulate, read, and write qubits.

The third, Quantum Systems, includes the co-design of a quantum platform — system control software, application-
specific hardware, and application-specific quantum algorithms —that is ultimately where quantum sensing,
metrology, simulation or computation happens. Research challenges include identifying advantages and
limitations of quantum and classical devices; developing quantum circuits and system designs that provide stable,
controlable, scalable, and relatively error-free quantum capabilities for a wide of range of states; pursuing
programming paradigms for guantum sensing, computing, and communication; employing interdisciplinary teams
to enable technological advances by providing viable platforms for quantum computing and testbeds for rapid
prototyping, characterization, and optimization; generating on-demand, scalable systems of quantum objects in
superposition states, while enabling information exchange across the quantum-classical boundary; studying
properties of quantum information and quantum algorithms including issues of quantum computational
complexity and computability; ensuring socially-responsible design and innovation of quantum platforms for use in
complex socio-technical systems; and explornig novel and emergent applications of quantum technology.

Finally, Quantum Workforce underpins the aforementioned activities by enabling the necessary supply
of intellectual capital. Investments in the Quantum Workforce support training for a new generation of
scientists, engineers, and educators in a transdisciplinary, globally competitive QIS workforce. | will
describe this area in more detail next.

QIS Education and Workforce Development

NSF’s investments in QIS research are accompanied by investments in education and workforce
development, Research undertaken in academia not only engages some of our Nation’s best and
brightest researchers, but because these researchers are also teachers, new generations of students are
exposed to the latest thinking from the people who understand it best. As these students graduate and
transition into the workplace, they bring this knowledge and understanding with them.

Dr. Scott Aaronson of the University of Texas at Austin exemplifies how NSF-funded researchers and
educators are leading the way in QIS discovery and innovation. Dr. Aaronson is a theoretical
computational scientist whose research focuses on the limitations of quantum computers and
computational complexity theory more generally. His research addresses a variety of topics, including
the information content of quantum states, the physical resources needed for quantum computers to
surpass classical computers, and the barriers to solving computer science’s vexing “P versus NP”
question {i.e., whether every problem whose solution can be quickly verified by a computer can also be
quickly solved by a computer). At the same time, Dr. Aaronson is a founder of the Complexity Zoo wiki,
which catalogs over 500 computational complexity classes. Dr. Aaronson was awarded NSF’s highest
honor, the Alan T. Waterman Award, which every year recognizes an outstanding young researcher in
any field of science or engineering supported by NSF who has made significant progress in his or her
field, early in his or her career. in 2012, the award was given to Dr. Aaronson for his advances in a
diverse range of QIS priority areas.

As part of its education and workforce investments, NSF has supported several Research Experiences for
Undergraduates (REU) Sites in the area of QIS. REU Sites are based on independent proposals that seek
to initiate and conduct projects engaging a number of undergraduate students in research. Each REU
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Site must have a well-defined common focus, based in a single discipline or spanning interdisciplinary or
multidisciplinary research opportunities with a coherent intellectual theme, which enables a cohort
experience for participating students. Each REU Site typically supports 8 to 12 undergraduate students
each summer, including housing and stipend support, with each student involved in a specific project
guided by a faculty mentor. REU Sites are an important means for extending high-quality research
environments and mentoring to diverse groups of students. Examples of NSF-funded REU Sites that align
with QIS include:

« Nano-, Bio-, and Quantum Photonics, University of Rochester, led by Drs. Andrew Berger and
Anthony Vamivakas®. This REU Site offers students summer research opportunities exploring
photonic spectroscopy for bone quality monitoring and novel device fabrication for generating
quantum states of light. The REU Site supports a diverse cohort of students from underrepresented
groups and institutions with limited research opportunities.

s Rice Quantum Institute, Rice University, led by Dr. Naomi Halas®. This REU Site provides students
from universities beyond Rice with interdisciplinary summer research projects in QIS. This has been
a longstanding REU Site and reflects a partnership with the US Department of Defense, which co-
funded the REU Site with NSF.

* Materials Physics, University of Florida, led by Drs. Selman Hershfield and Kevin Ingersent’. This REU
Site offers research experiences for students to explore the experimental, theoretical, and
computational aspects of the design, measurement, and understanding of novel materials and
quantum phenomena. This REU Site recruits students nationwide with an emphasis on increasing
participation by women and other members of groups underrepresented in QIS.

NSF also emphasizes support for research at primarily undergraduate institutions (PUls)—those that do
not typically award graduate degrees. A series of investments have been made to enhance QIS research
and opportunities for students at PUis. One example project is:

« Unconventional Anisotropic Order in Strongly Correlated Fermi Systems, Prairie View A&M
University®. Through this project, Dr. Orion Ciftja and his students are investigating quantum
mechanical states of electrons that are curiously analogous to the states of long molecules in liquid
crystals that form the basis of modern display technology. This research contributes to the
intellectual foundations for potentially new electronic and optical device technologies. Prarie View
A&M University is a Historically Black College or University (HBCU), and the project involves minority
undergraduate students in research, training them in skills that will be valuable in the modern
technical workforce.

NSF has also funded early-career investigators through the Faculty Early-Career Development (CAREER)
program, which offers NSF’s most prestigious research award in support of early-career faculty who
exemplify the role of teacher-scholars through outstanding research, excellent education, and the

S REU Site: Nano-, Bio-, and Quantum Photonics at University of Rochester,
https://www.nsf.gov/awardsearch/showAward?AWD_{D=1659539&HistoricalAwards=false.
§ REU Site: Research Experiences for Undergraduates at the Rice Quantum Institute,
https://www.nsf.gov/awardsearch/showAward?AWD_[D=0755008&HistoricalAwards=false.
7 REU Site: Materials Physics at the University of Florida,
https://www.nsf.gov/awardsearch/showAward?AWD [{D=1156737&HistoricalAwards=false.
8 RUI-Unconventional Anisotropic Order in Strongly Correlated Fermi Systems,

https://www nsf.gov/awardsearch/showAward?AWD_1D=1410350&HistoricalAwards=false.
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integration of education and research within the context of the mission of their organizations. Two
CAREER award examples include the following:

« Quantifying Noisy Quantum Resources, led by Dr. Graeme Smith at University of Colorado
Boulder®, This award supports research to identify, quantify, and ultimately understand the
fundamental resources in quantum information theory, including quantum communication links and
noisy quantum states.

e interactions with Untrusted Quantum Devices, led by Dr. Thomas Vidick at California Institute of
Technology®. This research project tackles the broad challenge of how classical devices may
establish and maintain a trusted interaction with unknown and untrusted quantum devices. This
research is critical and broadly applicable, from developing new and secure communication
protocols, such as for online bank transactions, to new computing paradigms.

Beyond these investments, NSF contributes to enhancing QIS education and workforce development by:

1. Mobilizing existing institutions to educate and engage communities in QIS and promote interaction
among, and an exchange of scientists from different disciplines, across academia, industry, and
national labs, as well as with international partners in the national interest;

2. Serving the public by promoting engaging media, public education, and innovation; and

3. Conducting systematic studies of the social and economic benefits and risks for society in the
development of quantum sensors, quantum computers, and other quantum platforms; such studies
would include the impacts of their migration between the academia and industry, and of their large-
scale production and use.

As one example, in FY 2017, NSF made an award to the University of Chicago, under the leadership of
Dr. David Awschalom, to support students working in a focused academic-industry collaboration to
pursue research and gain valuable industry experience. This project specifically supports the
development of a cohort of “triplets,” or multiple teams comprising a university investigator, an industry
partner, and a graduate student, working together over a period of three years. All triplets will form a
Quantum Information Science and Engineering Network (QISE-NET). This novel approach to integrating
research, education, and technology transfer is highly convergent and crosscutting in nature, with
representative triplets anticipated from the materials sciences, chemistry, device engineering, computer
science, and physics. It aims to increase the number of students in the US with the knowledge,
understanding, and expertise in multiple convergent fields serving the next quantum frontier. it also
aims to increase the academia-industry interactions to advance technological goals by leveraging
facilities and expertise, and sharing scientific and technical challenges.

Another fllustrative example is an FY 2016 award to the University of Nebraska at Omaha, under the
leadership of Dr. Abhishek Parakh?? His team is developing a pedagogical game-based simulator that

® CAREER: Quantifying Noisy Quantum Resources,

https://www.nsf.gov/awardsearch/showAward?AWD _1D=16525608&HistoricalAwards=false.

10 CAREER: Interactions with Untrusted Quantum Devices,
https://www.nsf.gov/awardsearch/showAward?AWD 1D=1553477&HistoricalAwards=false.

* Convergence QL: Workshop Series: Cross-Sector Connections in Quantum Leap,
https://nsf.gov/awardsearch/showAward?AWD_[D=1747426&HistoricalAwards=false.

2 EPU: QuaSim: A Virtual interactive Quantum Cryptography Educator-A Project-based Gamified Educational
Paradigm, https://nsf.gov/awardsearch/showAward?AWD 1D=1623380&HistoricalAwards=false,
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provides students with an interactive experience to improve learning by transforming subject-based
lectures in quantum cryptography into project-based virtual simulations.

The Quantum Leap Big Idea and the Role of Convergent Research and Co-Design in QIS

In FY 2016, NSF announced a set of bold questions that will drive the agency’s long-term research
agenda—questions that will ensure future generations continue to reap the benefits of fundamental
research. These 10 “Big Ideas” aim to capitalize on what NSF does best: catalyze interest and investment
in fundamental research, which is the basis for discovery, invention, and innovation. The Big ldeas define
a set of cutting-edge research agendas and processes that are suited for NSF's broad portfolio of
investments, and will require collaborations with industry, private foundations, other agencies, science
academies and societies, and universities. These ideas will push forward the frontiers of US research and
provide innovative approaches to solve some of the most pressing problems the world faces, as well as
lead to discoveries not yet known. They will provide platforms to bring together every field of study,
from science and education, to engineering and astrophysics, to radically alter the conduct of science
and engineering across the scientific enterprise in a manner that is not possible by simply continuing
discipline-specific efforts at current levels.

One of the 10 Big Ideas is focused on QIS. Called “The Quantum Leap: Leading the Next Quantum
Revolution,” this Big Idea aims to build upon and extend our existing knowledge of the quantum world,
fostering breakthroughs in our fundamental understanding of quantum phenomena and enabling the
exploitation of these phenomena to disrupt our science and engineering landscape. These advances will
unleash the potential of the Nation’s quantum-based scientific enterprise, economy, and security.

Another of the 10 Big Ideas, a process Big Idea called “Growing Convergence Research at NSF,” seeks the
deep integration of knowledge, techniques, and expertise from multiple fields to form new and
expanded frameworks for addressing scientific and societal challenges and opportunities.*® Convergence
is a necessary paradigm in the Quantum Leap and QIS, as transformational developments in QIS will
come from ab initio collaborations across disciplines and from a new workforce conversant in these
technologies. Within this framework there needs to be convergence of materials scientists, engineers to
turn the materials into devices, physicists and chemists to develop methods of modelling, operating,
controlling, and entangling the quasiparticle states, and computer scientists to develop efficient
algorithms for programming and utilization of the final device. As an example, convergence research on
deccherence will lead to our ability to design, build, and test a novel, stable qubit, construct a quantum
computer based on such a qubit, and develop the skilled workforce needed to operate it. NSF is well
positioned to enable this convergence research and co-design in QIS.

To this end, NSF has established a Quantum Leap Working Group that is overseeing various activities
and encouraging convergence and a deeper collaboration across disciplines. The work by the Quantum
Leap Working Group has already resulted in several calls for proposais. For example, in FY 2017, NSF
issued a call for summer schools, cross-sector awards, and community workshops®, and funded two
workshops and jointly funded with the US Department of Energy a quantum science summer school™,

3 Convergence Research at NSF, htips://www.nsf.gov/od/oia/convergence/index.jsp.

4 Dear Colleague Letter: Growing Convergence Research at NSF,
https://www.nsf.gov/pubs/2017/nsf17065/nsf17065.isp.

15 NSF issues first Convergence awards, addressing societal challenges through scientific collaboration,
https://www .nsf.gov/news/news summ.isp?entn id=242889,
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NSF also launched a new program in FY 2017, ideas Lab: Practical Fully-Connected Quantum Computer
Challenge (PFCQC), that challenged the research community with building a practical quantum computer
through advances in hardware, software, and quantum algorithms?®. The program recently supported a
week-long Ideas Lab that brought together physics, engineering, and computer science; full proposals
are due later this fall. These types of cross-disciplinary activities will help bridge the gap between various
research fields, and fertilize future research directions.

Coordination and Collaboration Across the Federal Government

NSF’s close coordination and collaboration with other Federal agencies pursuing QIS research and
development is critically important in shaping its long-term investments. NSF coordinates closely with
other stakeholder agencies as co-chair of the Interagency Working Group on Quantum Information
Science {QI5 IWG). An initial NSTC report, A Federal Vision for Quantum Information Science, was
drafted with significant input from NSF representatives. In April 2009, NSTC sponsored the Workshop on
Quantum Information Science, and a report of the workshop was produced in July 2009%". In October
2014, the QIS IWG was chartered under the NSTC Committee on Science, and is currently chaired by
DOE, the National institute of Standards and Technology, and NSF.

In FY 2016, the QIS IWG led the development of the afirementioned NSTC report titled Advancing
Quantum Information Science: National Challenges and Opportunities®. This report explores three key
themes, and outlines the role of US government investment and associated path forward. The themes
include:

1. QIS and Technology, specifically technology developments in sensing and metrology, communication,
simulation, and computing enabled by QIS;

2. QIS and Fundamental Research, detailing the benefits of and need for continued fundamentail
research to grow the capacity of QIS in the future; and

3. Addressing Impediments to Progress, which includes the need for convergence research crossing

" institutional boundaries, education and workforce training opportunities, increased emphasis on

technology and knowledge transfer from the lab to the market, and stable funding sources to grow
innovations in QIS and ensure sustained US leadership.

The report notes NSF’s role as the key agency in supporting QIS fundemantal research that spans
multiple disciplines, education and workforce preparation, and technology transfer for research
innovations. .

Beyond the specific efforts of the QIS IWG, NSF has collaborated with Federal agencies through various
"mission-bridging" activities, including participating in various workshops and jointly funding research.
For example, representatives from NSF actively participated in a February 2017 workshop on guantum
testbeds convened by DOE®. That workshop sought to identify the individual capabilities and interests
of various stakeholder groups in quantum computing hardware and its use for science applications;
share best practices for management of collaborative research facilities, including topics such as

6 ideas Lab: Practical Fully-Connected Quantum Computer Challenge (PFCQC),
https://www.nsf.gov/pubs/2017/nsf17548/nsf17548 htm,
7 Report of the Workshop on Quantum information Science, http://calyptus caltech edu/gis2009/QIS-Workshop-

Report-1-luly-2009.pdf.
18 Quantum Testbeds Stakeholder Workshop, https://www.orau.gov/atsws/default.htm.
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workforce training and building strong relationships with the research community; and identify
technology that will be important for the success of a testbed facility with the goal of advancing
quantum computing for scientific applications in the next five years. Similarly, NSF attended a NIST-led
workshop in October 2017 that discussed opportunities for research and development; means and
methods of inducing interaction and collaboration; support for emerging market areas; identifying
barriers to near- and far-term applications; and understanding workforce needs?,

Engaging with Industry: Transitioning to Practice

NSF-funded QIS research has led to the formation of numerous start-up companies, enabling transition
of research results to deployment and implementation. NSF has supported these start-ups through its
Small Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR) programs,
which stimulate technological innovation in the private sector by strengthening the role of small
business concerns in meeting Federal research and development needs, increasing the commercial
application of Federally-supported research results, and fostering and encouraging participation by
socially- and economically-disadvantaged, Historically Underutilized Business Zones (HUBZones), service
disabled veteran-owned small businesses, and women-owned small businesses. Outcomes of several
NSF-funded QIS research projects have led to NSF SBIR and STTR grants. For example, in FY 2017, NSF
issued an SBIR Phase 1 award to Axion Technologies?. Building on innovations from previous NSF-
funded research, this Florida startup is developing a prototype of a quantum-based random number
generator, which will aid in quantum cryptography. Similarly, the NSF innovation Corps™ (I-Corps™) is a
public-private partnership that teaches grantees to identify valuable product opportunities that emerge
from academic research, and offers entrepreneurship training to student participants. Since the
inception of the NSF I-Corps program in 2011, several I-Corps™ Teams in the QiS domain have
participated in the I-Corps™ curriculum.

NSF also supports mutually-synergistic interactions with industry, including the participation of industry
researchers at NSF-funded workshops and in invited talks at NSF. A number of NSF-funded researchers,
particularly those working in larger, inter- or multidisciplinary teams, collaborate closely with industry to
deepen and extend the outcomes of their research activities.

Conclusions

My testimony today has emphasized the potential presented by QIS in a wide range of areas, from
secure communication that has game-changing potential for cybersecurity to novel therapeutics for
treating some of our most vexing diseases to never-before-seen computing power for myriad other
scientific, industrial, and societal challenges. NSF has made significant investments, across multiple
directorates, in foundational and muitidisciplinary QIS research over the last several decades. These
investments have resulted in important advances that are giving rise to fundamentally new research
directions and opportunities for the future. | have also described how NSF’s interdisciplinary education
research portfolios are contributing to a next-generation workforce capable of pursuing QIS research
and taking on new jobs that will soon be created across multiple sectors of the economy. Across our

** Building the Foundations for Quantum Industry, httpsy//www.nist.eov/news-events/events/2017/10/building-
foundations-quantum-industry.

20 SBIR Phase I: Quantum Random Walking for Ultra-High Speed, Parallel and Truly-random Number Generation,
https://nsf.gov/awardsearch/showAward?AWD |D=1646995&HistoricalAwards=false.

11



50

research and education investments, NSF partnerships with other Federal agencies and industry are also
helping to advance QIS and transition innovations into the marketplace.

Our Nation needs to continue to invest in long-term, fundamental, and game-changing research — and
education — if we are to maintain US leadership in an emerging quantum world. With sustained support
for QIS research and development in both the executive and legislative branches, there is a unique
opportunity for further breakthroughs in our fundamental understanding of the underlying physical
phenomena and the development of radically new technologies that will form the basis of a new
quantum world. As Microsoft’s senior advisor to the chief executive officer and former chief research
and strategy officer, Craig Mundie, recently stated about quantum computing, “For the first time in 70
years we're looking at a way to build a computing system that is just completely different. It's not an
incremental tune-up or improvement. it's a qualitatively different thing.”

This conciudes my remarks. | appreciate the opportunity to have this dialogue with members of these

Subcommittees on this very important and timely topic, and | would be happy to answer any questions
at this time.

12
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Chairwoman COMSTOCK. Thank you, and I now recognize Dr.
Binkley for five minutes.

TESTIMONY OF DR. JOHN STEPHEN BINKLEY,
ACTING DIRECTOR OF SCIENCE,
U.S. DEPARTMENT OF ENERGY

Dr. BINKLEY. Thank you, Chairwoman Comstock, Chairmen
Weber, Ranking Member Lipinski, Ranking Member Veasey, and
Members of the Subcommittee. I'm pleased to come before you
today to discuss quantum information science and technology, the
Department of Energy’s research efforts and interagency collabora-
tion in this area, and where the United States stands relative to
international competition.

I am presently the Acting Director of the Office of Science at the
U.S. Department of Energy. Quantum information science, or QIS,
for short, which includes quantum computing, is a rapidly evolving
area of science with great scientific and technology import, and be-
cause it will open new vistas for both science and technology devel-
opment and hence new commercial markets, the U.S. and other
countries are increasing investments in related basic research and
technology development. DOE and other government agencies be-
lieve that QIS will continue to grow in importance in the coming
decade and are planning our investments accordingly.

Current and future QIS applications differ from earlier and ongo-
ing applications of quantum mechanics such as those that led to
the laser by exploiting distinct quantum behavior that does not
have classical analogs and does not arise in non-quantum systems
such as superposition and entanglement.

Quantum information concepts are providing increasingly impor-
tant—or providing increasingly important in advancing under-
standing across a surprisingly large range of fundamental topics in
the physical sciences including the search for dark matter, the
emergence of space time, testing of fundamental symmetries, the
black hole information paradox, probing the interiors of cells in
plants and animals, and possibly even photosynthesis.

Furthermore, a wide range of applications of QIS are being ex-
plored including in sensing and metrology, communication, simula-
tion, and computing. With these motivations, recent QIS advances
have been rapid and international, and industry attention and in-
vestments have been growing. QIS clearly represents an emerging
field with crosscutting importance across DOE Office of Science
program offices. DOE is uniquely positioned to cover a wide range
of QIS activities with expertise and capabilities in frontier com-
puting, quantum materials, quantum information, control systems,
production and use of isotopes, cryogenics and so on spanning the
National Laboratory system and multiple program offices within
the Office of Science.

At the federal level, quantum information science has been a
topic of interest to federal agencies for some time including NIST,
the National Science Foundation, and DOE, which are working
closely together and has garnered greater attention in the past few
years due to a confluence of events, namely theoretical and techno-
logical progress in the field, the slowing of an apparently rapidly
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approaching end to Moore’s Law, advancement in semiconductor
technology and aggressive investments by other nations.

DOE’s National Laboratories have unique attributes that are
complementary to those of other agencies and could address gaps
identified in the national ecosystem for quantum information
science and technology. The Department of Energy labs are well
equipped to address challenging problems in fundamental research
that requires sustained efforts or are too large in scope for univer-
sity research groups. DOE labs additionally stand out in their abil-
ity to fabricate and characterize novel materials and devices, their
expertise in using high-performance computing resources, and their
diverse range of high-caliber scientists and engineers that can form
the basis of interdisciplinary teams, which are the type that are
needed to solve QIS problems.

Worldwide interest in QIS and related technology has increased
substantially in the past five years. While the United States re-
mains the leader in the field, other nations have made significant
new investments and have developed long-term strategies that al-
ready have shifted geographical distribution of some top-tier re-
search groups. The largest quantum information science and tech-
nology programs outside the United States are in China, the Euro-
pean Union, and the United Kingdom, and those countries are
planning ambitious investments.

I would like to thank you for the opportunity to come before you
today to discuss the importance of QIS and the Department of En-
ergy’s efforts in this area. I look forward to discussing this topic
with you and answering your questions.

[The prepared statement of Dr. Binkley follows:]
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Thank you Chairwoman Comstock, Chairman Weber, Ranking Member Lipinski, Ranking
Member Veasy, and Members of the Subcommittees. I am pleased to come before you today to
discuss quantum information science and technology, the Department of Energy’s research
efforts and interagency collaboration in this area, and where the U.S. stands relative to its
international competition.

Introduction

Quantum Information Science (QIS), which includes quantum computing, is a rapidly evolving
area of science with great scientific and technology import. It combines the important features of
quantum theory, which was developed in the early Twentieth Century, with Information Theory,
which was developed in the late 1940s. Because it will open new vistas for both science and
technology development, and hence new commercial markets, the U.S. and other countries are
increasing investments in related basic research and technology development. DOE and other
U.S. Government (USG) agencies believe that QIS will continue to grow in importance in the
coming decade and are planning appropriate investments accordingly.

QIS—including quantum science and instrumentation for next-generation computing,
information, and other fields—arises from the synthesis of quantum theory and information
theory. It springs from the recognition that uniquely quantum phenomena can be harnessed to
advance information collection, processing, and fundamental understanding in ways that
classical approaches can only do less efficiently, or not at all. Current and future QIS
applications differ from earlier (and ongoing) applications of quantum mechanics, such as the
laser, by exploiting distinct quantum behavior that does not have classical counterparts and does
not arise in non-quantum systems, including:
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o Superposition—quantum particles or systems exist across all their possible states at the
same time, with corresponding probabilities, until measured.

o Entanglement—a superposition of states of multiple particles in which the properties of
each particle are correlated with the others, regardless of distance.

o Sgueezing—a method of manipulating noise in systems that obey the Heisenberg
uncertainty principle, by permitting large uncertainty in one variable to improve precision
in another correlated variable.

Quantum information concepts are proving increasingly important in advancing understanding
across a surprisingly large range of fundamental science topics, including the search for dark
matter, emergence of spacetime, testing of fundamental symmetries, the black hole information
paradox, probing the interiors of biological cells, and possibly even photosynthesis and the
navigation systeras of migratory birds. Quantum approaches based on the characteristics listed
above also show promise in providing new capabilities and tools to pursue fundamental research,
such as advanced sensors and detectors. Furthermore, a wide range of applications of QIS are
being explored including in sensing and metrology, communication, simulation, and computing.
With these motivations, recent QIS advances have been rapid, and international and industry
attention and investments have been growing.

Program offices within the Department of Energy's (DOE's) Office of Science (SC) have
identified areas in which they have important or unique roles, and bring unusual capabilities to
bear. Brief descriptions of these equities and contributions follow:

o Advanced Scientific Computing Research (ASCR)—Strong foci in research, partnerships,
and provision of leadership-class computing and networking resources to the research
community. Key elements include providing early access to new technology, exploring
the DOE-relevant application space in partnership with other SC programs, and ensuring
that application needs inform next-generation device design and basic research programs
in applied mathematics, networking, and computer science.

s Biological and Environmental Research (BER)—QIS imaging and sensing approaches
will expand experimental observation capabilities across varying environmental
parameters or collocation of heterogeneous biological and physical materials.
Understanding of biological, earth, and environmental systems via complex multi-scale
models will be improved by development of faster and more powerful quantum
computing devices, control systems, machine learning, and algorithms.

®  Basic Energy Sciences (BES)—Contributions center on advancing the control of quantum
coherence and entanglement to enable applications encompassing information
processing, secure communication, sensors, energy generation, and control of chemical
reactions. Collectively, research and user facilities offer the tools and infrastructure to
enable collaborative integration of advanced synthesis, fabrication, characterization,
theory, modeling, testing, benchmarking, and development-to-scale to advance QIS.
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® High Energy Physics (HEP)—Primary emphases are on exploiting entanglement and
QIS-driven technologies to address the HEP community's science drivers; developing
new computational and foundational techniques; and broadly advancing the national QIS
enterprise and ecosystem. With particular attention to partnerships, HEP plans a three-
prong research approach including thrusts in Foundational QIS and Quantum Computing,
Quantum Sensor Technology, and Experimental QIS.

s Nuclear Physics (NP)—Applications of quantum computing may include many-nucleon
problems of relevance to nuclei, nuclear structure and reactions, and bulk nuclear matter.
QIS may also impact solution of fundamental field theories that underlie nuclear physics,
such as quantum chromodynamics. Experimental programs include manipulation and
control of quantum systems such as trapped ions, and the DOE Isotope Program could
produce enriched stable isotopes for novel quantum devices.

Quantum information science clearly represents an emerging field with cross-cutting importance
in most of the program offices of DOE-SC. Both its fundamental and more applied aspects bear
directly on the Office of Science mission: the delivery of scientific discoveries and major
scientific tools to transform our understanding of nature and to advance the energy, economic,
and national security of the United States. Furthermore, DOE is uniquely positioned to cover a
wide range of QIS activities, with expertise and capabilities in frontier computing, quantum
materials, quantum information, control systems, isotopes, and cryogenics spanning the National
Laboratory system and multiple program offices. These considerations provide impetus now for
community-building and initiatives across SC offices and with external counterparts. This
document summarizes the interests, activities, and overall approach of the Office of Science in
QIs.”

Background and Context for Federal Activity

Quantum information science has been a topic of interest to Federal agencies for some time, but
has garnered greater attention in the past few years due to a confluence of events: theoretical and
technological progress in the field, including the demonstration of multiple-qubit systems by
numerous groups including companies; the advent of and controversies surrounding adiabatic
quantum computers, or quantum annealers, on the open market; the slowing and apparently
rapidly-approaching end of Moore's-law advancement in semiconductor technology; and
aggressive investment by other nations. The rapid progress of the field is also signaled by the
growth in QIS-related publications, as shown here for 2000-2015 (figure from Advancing
Quantum Information Science: National Challenges and Opportunities, NSTC report of July
2016).

" For conveni in this document the term "g information science” or "QIS" will be used as shorthand, but is intended
to encompass the full range of activity associated with quantum information, including basic science, tools, engineering,
technology, and applications.
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Fifteen Years of Growth in QIS

QIs-related publications, 2000-2015
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Figure 1. A Google Scholar search for publications {excluding patents and citations) containing the terms
“quantum information,” “quantum computing,” and “quantum communication” illustrates how the field
has grown inrecent years.

The primary mechanism for high-level coordination of science and technology activities across
Federal agencies is the National Science and Technology Council (NSTC), an internal-to-
government body that is nominally chaired by the President and includes Cabinet-level (or, for
independent agencies, Director-level) representation. The work of the NSTC is carried out
through its many subgroups. In January 2009, an NSTC Subcommittee released a document
entitled 4 Federal Vision for Quantum Information Science. While this addressed the challenges
and opportunities at the time, further action in the next few years was limited. With subsequent
rapid developments in the field, however, a new Interagency Working Group on Quantum
Information Science was chartered under the NSTC in October of 2014. That body, which is co-
chaired by DOE, the National Science Foundation (NSF), and the National Institute of Standards
and Technology (NIST), issued a report titled Advancing Quantum Information Science:
National Challenges and Opportunities in July 2016, The report identified the major challenges
to progress in QIS as: institutional boundaries; education/workforce needs; technology and

" https://www.whitehouse.gov/sites/whitehouse.gov/files/images/Quantum_info_Sci_Report_2016_07_22%20final.pdf
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knowledge transfer; materials and fabrication; and level and stability of funding. It highlighted a
path forward founded on stable, sustained core programs; strategic targeted investments; and
controlled growth, close monitoring, and adaptability, and emphasized that "QIS should be
considered a priority for Federal coordination and investment." Building on release of that
report, the Office of Science and Technology Policy in the Executive Office of the President,
with assistance from the QIS Working Group of the NSTC, hosted a Forum on QIS at the White
House complex in October 2016.

The NSTC Interagency Working Group on QIS continues to meet to exchange information,
monitor developments, coordinate agency activities, and plan next steps. In addition, individual
agencies—including DOE—have hosted or supported a large number of QIS workshops or
symposia and issued other studies in recent years (see References for a partial listing). Other
agencies have also taken further action, such as the creation of a multi-directorate QIS
"metaprogram” by NSF in 2016 and inclusion of "The Quantum Leap" that includes this topical
area among NSF's 10 "Big Ideas” driving the long-term research agenda for the agency.

Efforts in QIS also relate to, and are referenced in, other major Federal initiatives. Qubit
development and quantum computing are viewed as one path for post-Moore’s-Law computing
in the National Strategic Computing Initiative. Other connections include overlaps or synergies
with the National Nanotechnology Initiative, the Materials Genome Initiative, and coordinated
Federal efforts in optics and photonics. :

DOE Role in the Federal Interagency Context

The DOE National Laboratory system is unique in the Nation with a history and proven track
record of creating multidisciplinary scientific capabilities that are beyond the scope of academic
and industrial institutions and to which the government requires assured access. Several of
DOE’s National Laboratories have been fostering research in various areas of QIS as well as
related topics in computer science and applied mathematics. HEP groups at several laboratories,
including Fermi National Accelerator Laboratory, SLAC National Accelerator Laboratory,
Lawrence Berkeley National Laboratory (LBNL), and Argonne National Laboratory (ANL) are
engaged in QIS technology research and development, quantum sensors, and in developing
related techniques for data analysis. User and other facilities provide opportunities for possible
interactions with other agencies and the researchers they support; for example, the BES-managed
Nanoscale Science Research Center (NSRC) user facilities offer opportunities for synergies
across the lab complex. NP groups at ANL, Brookhaven National Laboratory, Thomas Jefferson
National Accelerator Facility, Los Alamos National Laboratory (LANL), LBNL and Oak Ridge
National Laboratory (ORNL) are engaged in the development and implementation of sensors,
research and development on superconducting radio frequency (SRF) devices, cryogenic
polarized nuclear spin targets, polarimetry, and atom trapping techniques, which may be useful
in advancing QIS technology. Sandia National Laboratory is regarded as a world leader in the
fabrication and operation of ion traps for qubit experimentation, and has ongoing activities in
other QIS areas including validation and verification of quantum devices. LANL hosts a D-
Wave quantum annealer that is available as a resource across the lab complex. ORNL fosters
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collaborations with external partners via its Quantum Computing Institute, and is the location of
enriched stable isotope production capabilities developed for the DOE Isotope Program.

DOE’s National Laboratories thus have unique attributes that are complementary to those of
other agencies and can address gaps identified in the national ecosystem for quantum
information science and technology. The DOE labs are well-equipped to address challenging
problems in fundamental research that require sustained focus or are too large in scope for a
university research group. DOE’s labs additionally stand out in their ability to fabricate and
characterize novel materials and devices, their expertise in using high-performance computing
resources, and their diverse range of high-caliber scientists and engineers that can form the basis
of interdisciplinary teams.

As noted earlier, DOE has been an active participant in ongoing interagency coordination on
QIS, including co-chairing the NSTC Interagency Working Group in this area. Program offices
in SC have invited representatives of other agencies to participate in QIS-related workshops and
roundtables, and vice versa. In addition, various opportunities exist for informal or formal
collaborations going forward, in which DOE's National Laboratory or other programmatic assets
can accelerate progress in areas where other agencies have related mission-driven interests. For
example, ASCR's interests overlap with several other agencies. ASCR shares with the
Department of Defense (DoD) and the Intelligence Advanced Research Projects Activity an
interest in advancing quantum computing technology, but with an application focus on science.
In contrast with—but complementary to—NSEF’s blue-sky research approach, ASCR focuses on
DOE-specific computing applications, research, and development to make the best use of DOE’s
high performance computing (HPC) resources. HEP has noted synergistic intellectual and
technological interests and expertise with NIST and DoD in the areas of foundational quantum
information, entanglement, and quantum sensors, and is exploring potential collaborations or
other coordination in these areas.

International Landscape

Worldwide interest in quantum information science and technology has increased substantially in
the past five years. While the U.S. remains a leader in the field, other nations have made new
investments and developed long-term strategies that have already shifted the geographic
distribution of top-tier research groups. Both academic researchers and industry have noted the
U.S. Government’s comparative silence relative to foreign governments’ strong statements of
support for quantum information science and technology. Academic researchers in the U.S. have
expressed concern that their foreign counterparts have better access to supporting technologies
such as novel materials and custom optics. A summary of foreign QIS activity to date follows:

* The largest quantum information science and technology programs outside the U.S. are in
the European Union (EU) and China. In 2016, the EU announced a €1 billion ($1.1
billion), 10-year Flagship initiative that is still in the planning stage. This is only the third
EU Flagship project in future and emerging technologies; the prior ones, launched in
2013, are on Graphene and the Human Brain Project. China dominates Asian investment
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in QIS research and development with a large, rapidly growing program that initially
focused on secure communication, including the widely publicized launch of an
experimental quantum communications satellite in 2016, and is now expanding to other
areas. The Chinese program includes industry partnership and lucrative offers to recruit
top talent abroad.

¢ The UK. and Canada have made high-profile investments in a broad range of efforts that
are smaller than those in the EU and China but large relative to each nation’s overall
science and technology effort. The U.K.’s program centers around four hubs, each of
which is a partnership between universities and industry focused on a specific set of
technologies (sensors, imaging, networking, and computing). The U.K. has also invested
heavily (more than £200 million/$255 million USD) in student and postdoctoral training.
Canada’s program, in contrast to all the others, was spearheaded by private investment
aiming to make Waterloo the quantum analogue to Silicon Valley. This has established
the Perimeter Institute and University of Waterloo as leaders in QIS ranging from blue-
sky theory to practical devices and algorithms, and led to a large award (§76 million
CAD/$56 million USD) in 2016 from the Canada First Research Excellence Fund.

¢ Australia and the Netherlands have made targeted, high-profile investments in quantum
computing. Australia’s 2016 National Innovation and Science Agenda included a $70
million AUD (853 million USD) public-private partnership to advance quantum
computing for commercial applications that is complementary to a new $33 million AUD
($25 million USD) fundamental research effort to support the scale-up of silicon quantum
integrated circuits. The Netherlands’ 2015 investment of €135 million ($144 million) in a
center focused on superconducting and silicon-based computing technologies in Delft has
attracted additional investment from U.S. industry, including $50 million from Intel. The
Netherlands is also home to a government-funded quantum software research center.

* A number of countries without a coordinated national QIS agenda or initiative
nonetheless have strong, well-funded research groups. These include Germany, Austria,
Switzerland, Japan, and Singapore. Other countries that have not traditionally been
leaders in QIS, such as Russia and Brazil, appear to be building national research
communities.

Summary of Scientific Challenges and Office of Science-Specific Efforts

Quantum Science—Coherence and Entanglement of Quantum States

Materials and Synthesis

Real quantum materials require synthesis. There remains a fundamental science gap that is an
obstacle to the long-term goal of "synthesis by design." This goal requires establishing
generalized rules of assembly for complex materials in a variety of platforms, in order to
determine, understand, and control reaction/synthesis/deposition/assembly pathways for
metastable, kinetically stabilized, and thermodynamic phases of quantum materials. Resulting
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new functionalities could include superconductivity and robust entangled states approaching
room temperature, or dissipationless charge and spin transport relevant to quantum computation,
neuromorphic computing, and ultra-low loss digital computation beyond silicon. Conversely,
understanding of fundamentals of competitive heat/electron transfer could demonstrate
limitations on quantum computation. Research on materials synthesis and processing falls
largely within the purview of BES. In addition, the DOE Isotope Program, managed by NP, is
developing the capability to produce kilogram quantities of enriched stable isotopes in a cost-
effective manner. This may be useful in the synthesis of new materials for research and
development studies of solid-state qubit systems.

Instrumentation for Quantum Control: Sensing and Metrology

Existing capabilities and instrumentation development for measurement and control of quantum
phenomena are widespread across SC program offices. In BER, there is particular interest in
development of sensors that combine quantum metrology and quantum imaging for more
accurate measurements using optical sensor systems, such as Lidar (Light Detection and
Ranging) instruments at the Atmospheric Radiation Measurement facility. Another BER focus is
development of highly precise sensors to allow single molecule nuclear magnetic resonance of
biomolecules. For HEP, the possibility exists of development of specialized cavity sensors for
detecting new particles and quanta in previously inaccessible frequencies and with greater
sensitivity than currently available. Some of the technologies being developed for quantum
computing are also candidates for sophisticated sensors for particle physics experiments. HEP
also has a strong interest in the use of atomic interferometry and entanglement for discoveries of
the unknown and Beyond Standard Model physics. Similarly, NP anticipates that development
of detectors and SRF technology for nuclear physics experiments may be relevant to
instrumentation for quantum control. Examples include use of highly efficient quantum dot
sensors for light collection in experiments to search for lepton number violation in nuclear
decays, and exploitation of quantum effects for precision measurements of the electric dipole
moment of nuclei to search for violations of fundamental symmetries of nature. BES efforts
employ a variety of characterization techniques that have relevance for QIS. Scattering,
spectroscopy, and imaging of quantum materials using neutrons, x-rays, and electrons as probes
over a broad range of length and time scales can characterize their phenomenological behavior,
lead to the discovery of new materials, and inform theories that predict and explain their
properties. These tools can also contribute to development of quantum sensors and detectors.

Theory and Modeling of Quantum Entanglement

Research within the scope of HEP at the intersection of particle physics and QIS has formulated
relationships between quantum fields, black hole physics, and information entanglement,
invoking quantum etror correction codes and quantum gravity. Tensor networks provide new
models to understand fields, particles, and their interactions. New quantum algorithms and
simulations that can incorporate scattering dynamics in hitherto static lattice quantum
chromodynamics (QCD) analyses are planned. BES further notes that quantum computing could
enable fast algorithms for computation of quantum entanglement. Theory efforts could analyze
entanglement entropy in systems with known solutions. Decoherence in entangled systems
could potentially be understood via molecular magnets, through their evolution into systems with
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weakly interacting spins. ASCR plans to explore partnerships with other SC offices (BES, HEP,
BER, and NP) to develop tools and algorithms for modeling and simulations, in order to
accelerate the computation and understanding of quantum entanglement in different systems.

Quantum Devices and Systems for Computing, Information, and other Applications

Qubit Technologies

Many candidate systems have been explored or proposed for qubits, the basic building blocks for
quantum computing that embody superposition of states. Implementing these systems involves a
variety of issues, including not just the specific material properties but also manufacturability,
scalability, stability, integration, and other concerns. Some potentially useful materials for qubit
systems include Josephson junction arrays (high-temperature superconductors), trapped ions,
quantum dots, nitrogen-vacancy complexes (NV centers) in diamond or other localized defect
structures, topological insulators and two-dimensional electron gas (2DEG) systems that support
the fractional quantum Hall effect, fractionally charged particles or Majorana fermions that lead
to non-Abelian statistics, skyrmions miniaturized to the atomic level, and nano-magnets with
non-Abelian anyons as excitations. DOE BES research and facilities already encompass
investigations in many of these areas, and in particular the NSRC user facilities are well-suited to
advance the fabrication and testing of these materials. In addition, the DOE Isotope Program,
managed by NP, produces highly pure stable isotopes that could be used in the manufacture of
solid-state qubits.

Quantum Sensors and Detectors

Almost any device developed as a qubit system for quantum computing can also be regarded as a
quantum sensor, with potential applications to precision measurements and detection of particles
across the entire range of topics of interest to SC. As such systems are explored, opportunities
arise to exploit the extreme sensitivity of quantum materials for sensing and detection by
understanding their electronic phase transitions. Electronic, magnetic, and structural properties
and ultrafast dynamics can be investigated with tools including pump-probe experiments at
femtosecond resolution, ultra-high field neutron scattering, angle-resolved photoemission, and
scanning probe imaging. Ultrasensitive magnetometers can be constructed based on NV centers,
and single-photon detectors based on quantum aspects of superconducting materials. The
NSRCs under BES are capable of fabrication over the necessary spatial and temporal scales, and
extensive characterization capabilities are available through other SC user facilities and National
Laboratory capabilities. Development of detectors and superconducting radio-frequency
technology for nuclear physics experiments may be relevant to instrumentation for quantum
control. Note also that HEP has specifically identified development and use of quantum sensor
technology across the HEP science drivers as a key part of the HEP plan for increased activity in

QIs.

Fabrication and Testbeds

Testbeds provide the research community with access to early stage devices, accelerating
through co-design the development of hardware well-suited to scientific computing as well as
applications that make effective use of new hardware. They can potentially serve as standardized
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environments for examining the preservation of coherence, extent of entanglement, and other key
criteria. In addition to testing and benchmarking of individual devices, testbeds can facilitate
intercomparison of different devices and are a helpful tool for developing production-quality
software for novel computing architectures. For these reasons, ASCR issued a program
announcement to DOE National Laboratories for research into development of quantum testbeds
in May 2017. Multidisciplinary efforts to explore the suitability of various implementations of
quantum devices for science applications will advance engineering of quantum information
systems and help to define and perhaps overcome practical limitations. Furthermore, device
fabrication and testbeds will greatly benefit from strong collaboration between government
agencies, academia, and industry. National Laboratory facilities are well-positioned in
capabilities and infrastructure to enable the needed collaborative integration of advanced
synthesis, fabrication, characterization, theory, modeling, testing, benchmarking, and
development-to-scale.

Novel Architectures, Quantum Simulators/Emulators, and Systems-Level Control

Exploration of novel architectures ranging from the device level (qubit connectivity; hybrid
systems of different types of qubits) through the system level (quantam/classical co-processors;
quantum devices as HPC accelerators) will allow DOE to invest in the quantum computing
technologies best-suited to mission needs. Some applications, such as quantum chemistry, appear
to benefit from an approach that pairs classical feedback with inherently quantum processing.
Other applications may run best on a larger quantum processor with classical computing only
required for control. Qubit simulators will facilitate early exploration of architectures; emulators
that parameterize key features of larger quantum devices will allow efficient system-level design
that can proceed hand-in-hand with research and development in systems-level control.

Algorithms

Solving the wide variety of computational problems addressed by DOE and SC will require
quantum computing to support a robust and versatile set of algorithms. Research into quantum
speedups for basic primitives of applied mathematics such as linear algebra, integration,
optimization, and graph theory will lay the groundwork to develop and optimize quantum
simulation and machine learning algorithms for performing a wide variety of scientific
computing tasks. An initial program announcement to DOE National Laboratories regarding the
development of quantum algorithm teams was released by ASCR in May 2017.

Software Implementation and Reliability

Practical realization of quantum computing’s potential will depend not only on advances in
hardware and algorithms but also on advances in optimizing languages and compilers to translate
these abstract algorithms into concrete sequences of realizable quantum gates, and simulators to
test and verify these sequences. A systematic research agenda to develop a software
infrastructure from high-level languages to debuggers and benchmarking metrics, when executed
in coordination with hardware and architecture design, will also lead to effective strategies that
find balance between systems-level control and error correction. ’

10
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Quantum Networks and Complexity

Significant research effort is needed to develop, test, and deploy continental scale Quantum
Wide Area Networks (Q-WANs) composed of many nodes, multi-hops, multi-users, and high-
speed optical quantum channels. Fundamental to this endeavor is the development of high-
performance quantum communication network components needed to secure distributed
quantum systems processing and sharing data sets over continental distances. Among them are a
number of critical components such as quantum communication network hardware, architectures,
and protocols; quantum-enabled software defined networks (Q-SDN); and all-optical network
(AON) extension for quantum key distribution (QKD) and understanding QKD security
loopholes.

Applications of Quantum Computing and Quantum Information

Early Science Applications

Initial scientific impacts and approaches that can be pursued prior to, or on the path towards,
longer-term developments have been identified by SC program offices within their respective
portfolios, as follows:

Advanced Scientific Computing Research (ASCR)

In partnership with HEP, ASCR sponsored a pilot project that seeks to develop fast quantum and
classical algorithms for simulating quantum field theories. Such pilot projects will provide
valuable feedback in the planning of larger partnership programs that target multiple science
application areas. In addition, quantum testbeds will assist with meaningful evaluation and
comparison of different materials, devices, algorithms, and approaches.

High Energy Physics (HEP)

HEP quantum computing interests include use of quantum machine learning and quantum
devices for data analysis. Some of these tasks may be amenable to quantum annealing
approaches that are available now, rather than requiring a general-purpose quantum computer far
beyond what is currently achievable. To that end, HEP has sponsored a pilot project on using a
D-Wave system for Higgs event classifier tests. In addition, the lattice QCD algorithms
mentioned above are expected to be designed for quantum computers or simulators. HEP also
supports several other QIS pilot efforts, including one jointly with BES on dynamics of highly-
entangled quantum states that has already yielded several publications. Small-scale experiments
to test foundational entanglement and quantum gravity predictions are planned.

Basic Energy Sciences (BES)

Early activity includes exploration of quantum many-body problems in magnetism, molecular
magnetism, superconductivity, quantum chemistry, and topological states of matter. Near-term
efforts could also include investigation of fractional quantum Hall effect, Heisenberg and multi-
orbital Hubbard models as testbeds. Overlapping/complementary efforts with lattice QCD are
under consideration as well.

11
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Biological and Environmental Research (BER)

Identified areas of early science include: (1) Creation of novel quantum sensors / use of
nanostructured quantum materials to perform noninvasive sensing, monitoring, and imaging of
subcellular biological processes in microbes, microbial communities, and plants. This would
enable understanding of biomolecular structure-function relationships and provide insights into
the spatio-temporal nature of metabolism within/among cells. (2) Creation of novel quantum
devices for environmental sensing and observations, able to be deployed at field sites relevant to
bioenergy crop production, sensitive earth system geographies (e.g., Arctic permafrost), or
radioactive contamination. These quantum devices would be optimized so multimodal data sets
with spatial and temporal dimensions can be combined.

Nuclear Physics (NP)

A research group has been formed at the Institute of Nuclear Theory at the University of
Washington in Seattle that will investigate possible applications of quantum computing to
important problems in nuclear physics. Initial NP applications will likely be analogous to the
existing applications in quantum chemistry, which are concerned with many-body quantum
mechanical systems. In nuclear physics, the systems of greatest interest in this category are
nuclei and bulk nuclear matter, which can be treated as many-fermion (neutron and proton)
quantum mechanical systems interacting through pairwise and three-body nuclear forces. The
standard quantum mechanical problems for these systems are the determination of ground-state
energies and their many-body wavefunctions, the corresponding excited-state energies and
wavefunctions (nuclear structure); quantum scattering problems {nuclear reactions); and more
complicated time-dependent phenomena such as collective excitations and nuclear fission.
Presumably the ultimate goal of QC research in NP will be to simulate the equations of QCD, the
fundamental quantum field theory of quarks and gluons that underlies nuclear physics. Possible
approaches to simulating simpler versions of quantum field theories, such as scalar field theories
in two dimensions, would be early applications of great interest; practical algorithms for this type
of problem have not yet been developed.

DOE-SC Collaborations and Longer-Term Directions

The 2015 DOE ASCR Workshop on Quantum Computing for Science made a compelling case
for the potential of quantum computing’s impact for a number and variety of problems of
strategic importance to DOE and SC that are presently limited by the capabilities of conventional
high-performance computing. ASCR is leveraging its 15-year experience with the Scientific
Discovery through Advanced Computing (SciDAC) program to form partnerships with the other
SC program offices via a similar but not necessarily identical model. The general approach will
be to tap into the appropriate range of expertise in DOE national laboratories, universities, and
other research organizations including industry, but also to ensure that the resulting tools,
methods, and resources will be available to the wider QIS community.

Recent DOE reports on quantum sensors {HEP and ASCR) and quantum materials (BES) set out
research directions and needs in greater detail. The sensors roundtable report identifies
challenges where the science drivers identified earlier by the High Energy Physics Advisory
Panel (HEPAP) Particle Physics Project Prioritization Panel (P5) could be pursued via small
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experiments using quantum entangled sensors and precision measurements beyond our
conventional frontiers of study, and also addresses improved performance of qubit ensembles,
optimization of quantum networks, materials development, hybrid technologies for multimodal
functionality, and new theoretical approaches. The quantum materials workshop report details
priority research directions in control and exploitation of electronic interactions and quantum
fluctuations, harnessing of topological states, control of coherence and entanglement in
nanostructures, and revolutionary tools to accelerate discovery and deployment of quantum
materials. It also summarizes status, challenges, and opportunities in superconductivity and
charge order, magnetism, transport and dynamics, topological behavior, and heterogeneity and
nanostructure in quantam materials. For NP, it is envisioned that SciDAC and exascale
computing collaborations, especially those involved in lattice QCD and many-body NP
problems, will closely monitor progress in quantum computing and may adjust their research
programs to take advantage of any useful developments. BER expects to engage in development
of quantum computing/storage/information processing testbeds for multi-scale earth system
modeling, and of biology testbeds that combine simulation methods with experimental data
collection facilities so that real time feedback can be provided from computation to help guide
the experiment. This would require extensive improvements in the scale of codes on
supercomputers, real time analysis, better uncertainty quantification, improved load balancing,
and methods for analysis of very large eigenvalue problems. Additional areas of considerable
scientific interest across one or more program offices include quantum chemistry and
applications to machine learning.

Conclusion

In conclusion, quantum information science and technology is rapidly evolving, will continue to
grow in the coming decade. QIS holds great potential for broad range of near-term and long-term
applications from sensing and metrology, communications, simulation, and quantum computing
and is rapidly gaining international and industry attention. The DOE has been integrally engaged
in the interagency and community planning to advance QIS research in the U.S. and the DOE
laboratories are well positioned to bring their unique attributes and capabilities to bear on many
of the scientific challenges and knowledge gaps we face. Federal coordination and investment is
critical to continued U.S. scientific leadership in this area, with implications for not only
advancing scientific discovery in a number of fields, but continued U.S. economic
competitiveness and national security.

Thank you for the opportunity to come before you today to discuss the Department of Energy’s
efforts in quantum information science. I look forward to discussion this topic with you and
answering your questions.
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Chairwoman CoMSTOCK. Thank you, and I now recognize myself
for five minutes of questions, and this is definitely an intimidating
topic. Thank you for your testimony.

Now, Dr. Kurose, conversations around STEM education are
often closely tied to demand for certain jobs, and without knowing
the exact workforce needs surrounding quantum just yet, how do
we prepare for such a workforce, and how can young people be di-
rected? If they’re interested in this, what should they be doing
now?

Dr. KUROSE. Thank you very much for the question, and it’s real-
ly great. And maybe let me highlight education and educational op-
portunities at different levels, and I'll start at the graduate level
because I mentioned that in my testimony. Remember that the
generation of researchers who are going to push us forward in QIS,
they’re in labs now and theyre graduate students and they're
postdocs working in those labs now. Those researchers will then be
taking their education out and spreading it and using it in indus-
try, for example. At the undergraduate level, we’re seeing courses
now in quantum. We’re seeing seminar courses there. So I think at
the undergraduate level, we're beginning to see the educational op-
portunities appear.

When we think about the workforce more broadly, I think we
really need to think about the STEM pipeline and address issues
in K-12. I would say there are focus areas in particular, the notion
of computational thinking that the National Science Foundation
and other agencies have led in terms of computer science for all
and computer science principles. Access to a rigorous and engaging
computer science education at the high school level will really help
prepare the students in middle schools and in high schools for en-
gaging in computer science and in STEM more broadly, I think, at
the college level.

Maybe one other area that I might like to highlight is that when
you look at the people that you've invited here to testify that you’ll
see you have engineers, you have computer scientists, you have
physicists, and it’s really going to take participation from across all
of the STEM disciplines to make QIS really happen. And so it’s im-
portant broadly across STEM that we train the next generation of
researchers.

Yes, my area is computer science so I think it’s incredibly impor-
tant but this is an area that all of STEM—engineering, mathe-
matics, physical sciences, chemistry, computer science—are going
to have to be involved.

Chairwoman COMSTOCK. And then how would a national quan-
tum initiative meet the challenge to attract and retain U.S. talent
in this field given the significant challenges for all of you. Any of
you who’d like to answer on that?

Dr. WiLL1aAMS. So should Congress and the Executive Branch de-
cide to have a quantum initiative in this area, we’d be happy to
work with you to help address some of the impediments that were
listed in the 2016 document, and to foster that broader ecosystem
that’s going to be necessary to translate this from academia and
the National Labs into our industrial base because it is that trans-
lation into the industrial base that is key.
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Dr. KUROSE. I might add that I think our collective sense is that
we're at an inflection point with QIS. For many years—and the in-
vestments by our agencies go back many, many years that every-
body knew quantum was going to be something very, very impor-
tant, and we were doing the foundational work. I think especially
if you look at industry, you look at what’s happening in the labora-
tories in academia across the United States, there’s a sense that
things have manifestly changed in the last couple of years and now
we're seeing programmable computers. Chris Monroe from the Uni-
versity of Maryland will be one of the witnesses in the next panel.
You have IBM. Both of them have made general purpose or pro-
gramming capabilities available on real quantum hardware at this
point. I think that was the dream five years ago. We're realizing
that reality now. It’s going to be a while until we get enough qubits
and we can do meaningful computations at scale but we’re seeing
this now in the real world. We’re seeing on hands-on abilities to ac-
tually experiment with these systems.

Chairwoman COMSTOCK. Thank you. I appreciated that.

And I will now yield to the Ranking Member, Mr. Lipinski, for
his questions.

Mr. LipiNsKI. Thank you. I want to continue on a bit with the
Chairwoman’s questions but I'll just start out by talking about
something that’s already been brought up about China launching
the quantum-enabled satellite transmittal to secure data, the
1,200-mile quantum communications link between Shanghai and
Beijing. China has also recently announced a $10 billion quantum
computing center. Europe is also heavily investing in quantum in-
formation science as are other nations.

So the question is, where do we go and what do we need to do
from here? Unfortunately, the Trump Administration budget pro-
posed an 11 percent cut to NIST, a 6.6 percent cut to quantum in-
formation science—actually an 11 percent cut to NSF, 6.6 percent
cut to quantum information science at NIST, and 16 percent cut to
DOEFE’s Basic Energy Sciences program where Dr. Binkley just testi-
fied that much of quantum research is supported. So obviously
these cuts would presumably be harmful. What do we need to do?
What would you recommend that we do? Obviously the federal gov-
ernment is not going to, you know, spend—go to any length, spend
any amount of money, but we certainly need to do something. The
idea of having a quantum initiative I think is a great idea. I'm very
hopeful that we’ll be working on that. We have a National Nano-
technology Initiative. I think a quantum initiative would be great
to have, as I think the Chairwoman was talking about, but what
do you think that we need to do from the federal government level?
Obviously it’s not just the federal government involved. There’s
also the private sector. But what would you like to see happen?
How much of an investment do we have to make so that the United
States does not really fall behind and miss this? So let’s start with
Dr. ‘\?Nilliams. Any ideas that you would have, what you would sug-
gest?

Dr. WiLL1AMS. So I think in winning this game that it is not just
what the role of the U.S. government, it’s also the commitments by
American industry. We need to all work together, and moreover,
we need to transition the knowledge base that is currently largely
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in academia and universities and a few small research environ-
ments in industry to where more industry is aware. Because,
again, if you look at the broader making up of something like an
iPhone or anything else so we can talk about the qPhone in the fu-
ture, there are many manufacturers that have to come in, and so
arranging for all those OEM companies to be engaged, make them
aware, to bring them to the table, and so a lot of the impediments
that are talked about in the 2016 documents, which is multidisci-
plinary in nature, must be addressed but we also must address
pulling the technology out until there is a real pull from industry
because at the moment it’s a push because they don’t see how to
make a profit in this area.

Mr. LipINSKI. Dr. Kurose?

Dr. KUROSE. Well, actually I'd like to second Dr. Williams’ com-
ments. If you look at industry and you see, you know, over the last
year where Google and Microsoft and IBM and Intel have been
doing, it’s clear there’s really—when we talked about an inflection
point earlier, there’s very much increased interest in academia.
And you’d mentioned the word partnership so I think partnerships
with industry are going to be very important. I mentioned the tire
tracks diagram in the information technology area. We have a long
history of establishing partnerships between academic institutions
with industry and government in a triangle, if you will. At the Na-
tional Science Foundation, for example, we've done partnerships
with Intel, with Semiconductor Research Corporation, with
VMware on joint solicitations. This is basic fundamental research,
because that’s still what’s needed now, basic fundamental research,
but industry can bring a lot to the table. Other aspects of partner-
ship, again to echo what Dr. Williams was saying, is partnerships
among disciplines, you know, bringing together the physicists, the
engineers, the computer scientists, we would say up the technology
stack, if you will, from the qubits all the way at the very bottom
all the way up to the programming at the top. And then again,
partnerships among agencies, which I believe all three of us have
already talked about.

Mr. LipINSKI. Dr. Binkley?

Dr. BINKLEY. Just very briefly, the one point that I would add
to what my counterparts have suggested is if you look historically,
one of the greatest strengths of U.S. science programs has been the
emphasis on basic science, and by contrast, if one looks at the ef-
forts that are being put forward both in the European Union and
the United Kingdom, they have a very strong technology focus, and
I think that we should not lose sight of the fact that much of the
innovation that is necessary for making rapid progress in this area
does actually come out of the basic science, and so continued in-
vestments in the basic science is, I think, at this point very impor-
tant to sustain.

Mr. LipiNsKI. Thank you. I yield back.

Chairwoman COMSTOCK. I now recognize Mr. Weber for five min-
utes.

Mr. WEBER. Thank you, Madam Chair.

Doctor—well, first of all, let me do it this way. Dr. Williams, how
long have you been involved in the quantum field?
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Dr. WiLLiaMS. So formally, NIST has had a program since the
year 2000, and I've been engaged in there. I was at the first work-
shop that I think was solely focused on QIS back in 1994 that was
held at NIST shortly after Peter Shore came up with his algorithm.

Mr. WEBER. Okay. Dr. Kurose?

Dr. KUROSE. Well, I have an undergraduate degree in physics
and learned quantum mechanics as an undergraduate but my in-
volvement with QIS research began when I came to the National
Science Foundation three years ago.

Mr. WEBER. So that’s 2014.

Dr. Binkley?

Dr. BINKLEY. I did my Ph.D. work in quantum chemistry and got
my Ph.D. in 1976, and I've been involved in quantum theory and
quantum-related work ever since.

Mr. WEBER. Good gracious. Okay. You should be a quantum leap
ahead of everybody else.

Dr. BINKLEY. Sir, I'm afraid it’s a terribly difficult subject.

Mr. WEBER. I understand.

Dr. Kurose, your written testimony touches on the differences be-
tween classical computing like the exascale computing systems
we’ve heard so much about in this Committee, and quantum com-
puting. Explain the difference for us as briefly as you can.

Dr. KUurROSE. Okay. Well, in traditional supercomputers, for ex-
ample, information is stored in bits, ones and zeros, and we operate
on those bits, so we perform operations and all kinds of trans-
formations. That’s the way computing technology has been done
since its invention 70 years ago. Cubits, as my colleagues with
Ph.D.’s in physics can tell you better than I can, are a very dif-
ferent piece. They don’t exist in the one-zero state; they exist in a
superposition of states, and from a computing standpoint, that al-
lows one to rather than compute deterministically over ones and
zeros to deal with probability distributions of how the states of the
qubits are in the entanglement, the interrelationship between these
qubits. It’s a fundamentally different way of thinking about com-
putation and moving from ones and zeros to these qubits.

Mr. WEBER. Okay, to an identifiable state, either one or zero, and
now to a single particle that has the ability to do both?

Dr. KUuroSE. Right, and I would say in the end, you need an an-
swer that has ones and zeros and so there is going to be a very
important coupling between the digital systems that control and
program these quantum computers and the quantum technology
that’s lying at the base underneath.

Mr. WEBER. So very quickly then, what you’re saying then is that
these two systems will interact. Because you just said in the end,
you need the ones and the zeros, the binary code.

Dr. KUROSE. That’s right. So traditional computing will play a
very important role in terms of the programming and the control
of the quantum computing. I'd mentioned earlier the fact that you
can now program quantum computers using the digital program-
ming to sort of wrap around the quantum.

Mr. WEBER. So we’re going to hear about that in the next panel.

Dr. KUROSE. I think youll hear about that in the next panel.

Mr. WEBER. Dr. Binkley, for you, we spent a lot of time on this
Committee discussing high-performance computing, particularly
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DOEFE’s goal to create an exascale computing system by 2021. How
does the push to study quantum information systems fit in with
that goal?

Dr. BINKLEY. At the Department of Energy, we see quantum
computing as something that follows the efforts that we’re doing in
exascale computing. There are classes of physical problems that are
characterized by the Schrodinger equation, which is the basis of all
quantum mechanics. For example, most of the materials in chem-
ical sciences fall into that category. Today we do calculations of an
approximate nature on digital computers for the purpose of fur-
thering our knowledge in those areas. Quantum computers will en-
able us to do much, much better calculations, exact calculations, as
it were, when they finally become available. However, there will
still remain applications in high-performance computing that are
not quantum in nature.

Mr. WEBER. Back to the ones and zeros you talked about.

Dr. BINKLEY. Exactly, the ones and zeros, and those calculations,
for example, structural calculations of materials looking at doing
engineering types of calculations, looking at nuclear fission reac-
tors, looking at heat flow and things like that, will still remain in-
herently digital. And so there will be a continuing need for simula-
tions of that class.

Mr. WEBER. So you foresee a parallel path, quite frankly?

Dr. BINKLEY. Yes, sir. We see the two different technologies as
being very complementary in the future.

Mr. WEBER. Madam Chair, can I indulge for about another two
or three hours? This stuff is fascinating.

I yield back.

Chairwoman COMSTOCK. And I now recognize Mr. Veasey for five
minutes.

Mr. VEASEY. Thank you, Madam Chair.

I wanted to just kind of piggyback a little bit on Mr. Lipinski’s
questions earlier revolving around international competition. We
know that obviously whatever country is able to capitalize on this,
the gains are going to be huge, and I wanted you to expand a little
bit more about the cuts. As it was mentioned earlier I believe in
my comments that the Trump Administration’s budget proposal
cuts include 11 percent to NSF, about a 6.6 percent cut to quantum
information science at NIST, and a 16 percent cut at DOE, and I
wanted to know if all of you could expand more on the impact of
the cuts, because I think that that is important, particularly again
as it relates to competition.

Dr. WiLL1aMS. So at NIST, we always maximize resources that
are provided to us by the Committee, and when we go in to opti-
mize our portfolio, we always work to ensure that whatever deci-
sions that are made by Congress and the Executive Branch that we
implement them in a manner that provides the best return to the
nation.

Dr. KUROSE. So I'd like to simply say that among the agencies
that you see here, and other agencies that we have been investing
in QIS. We've provided the scientific foundation that we see today.
I think again, because we’re seeing an inflection point, now is the
time, a very opportune time, to accelerate those investments and
to accelerate our progress forwards. And you know, I will mention
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that funding, academic funding in computer science and physics
and engineering, is very competitive and we go through a merit re-
view process. If you look at the outcomes of the merit review proc-
ess we leave lots of good ideas, really great ideas, on the cutting-
room floor because we have a budget, we work within those budget
constraints, and we maximize the investments that we can make,
but there are lots of good ideas that we’re not able to fund and that
go through the merit review process with very high scores.

And so again, I think especially in an area like QIS where we’re
at a change point that additional investments simply allow accel-
erating progress in a very important area.

Dr. BINKLEY. At the Department of Energy in our fiscal year
2018 budget, we obviously had some very difficult decisions to
make, and even in light of the significant reductions that were, you
know, put forward by the Administration, we did manage to in-
crease funding for QIS. Our budget request contained essentially a
$40 million increase in QIS-related funding, and that came about
through a long process of planning and thoughtful attention look-
ing at the opportunities in the area, and also what we perceive to
be the strategic importance of the area.

Now, obviously, you know, that impacted other activities in the
Office of Science portfolio but nevertheless, the judgment of our
senior leadership team was that this is an area that, as Dr. Kurose
has mentioned, has reached an inflection point and it’s timely to
really increase investments in this area.

Mr. VEASEY. Dr. Kurose, you talked a little bit about the impor-
tance of accelerating the funding. As it relates to competition with
other countries, how important is accelerating the funds, accel-
erating the resources that we need in order to keep that competi-
tive edge here in the United States?

Dr. Kurose. Well, I think it’s important to be accelerating both
in the basic science, which I think Dr. Binkley mentioned, and also
in the technology. Several members have mentioned China’s ad-
vances in the quantum satellite communication. In a sense, that
was something that folks foresaw as happening. Scott Aaronson,
who’s a physicist at the University of Texas in Austin, and worksin
quantum said this was not unexpected but the real significance of
this news, he says, is not that it was unexpected or that it over-
turns anything previously believed but that simply it’s the satis-
fying culmination of years of hard work. So we need to push for-
ward on the basic science frontiers but there’s also now pushing
forward on the technology and the implementation sides as well.

Mr. VEASEY. Thank you very much, Madam Chair. I yield back
the balance of my time.

Chairwoman COMSTOCK. Thank you.

And I now recognize Mr. Webster for five minutes.

Mr. WEBSTER. Thank you, Madam Chair.

Dr. Williams, there’s a lot of talk about how much money we're
going to have and what we need it for and so forth. Would you say
that even if we were able to maintain or even accelerate the fund-
ing, if there was something else that came in and siphoned away
some of that money, would that be detrimental to the study of
quantum and our success in that? Would you see that being detri-
mental, anything that would siphon away money?
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Dr. WiLL1aMS. I think as one moves—again, there’s a lot of basic
research but as one moves to transitioning this technology into our
broader base, whether for national security or for economic secu-
rity, that if we do not exploit the seed corn that we have created,
that other nations will exploit it for us and they will end up reap-
ing the economic benefit of it. So I think that the United States
somehow has to figure out how we end up owning this technology
the same way that we own the technology for the transistor and
all the benefits that came from that.

I and Dr. Binkley were at the EU kickoff, and one of the small
European companies basically pointed out the transitor was also
found there in Europe and they thought it was a toy. We exploited
it, and we reaped the benefits of that. So I think we’re going to
have to reap the benefits of the corn that we have sowed.

Mr. WEBSTER. And it would be more than economic. You men-
tioned economic benefits. I mean, there are more benefits than just
that, isn’t there?

Dr. WiLLIAMS. Yes, absolutely. The national security implications
because again, sensors are used in our military. They’re not only
used in the military but they’re used for mining and other things.
So I mean, there are broad economic and national security implica-
tions to QIS technology.

Mr. WEBSTER. Dr. Kurose, do you have anything to add to that?

Dr. KUROSE. Well, I was just standing—sitting here shaking my
head yes, yes, yes. So I agree with what Dr. Williams said.

With respect to national security, Chairwoman Comstock men-
tioned in her opening remarks the importance of quantum—in
terms of quantum encryption and postquantum encryption and the
powerful nature of quantum computing. It’s one area where quan-
tum computing, is not a panacea for all kinds of computing but one
area where it’s going to be very, very important is in cryptography.
It’s one of the things that can be done really well there, and that
has tremendous ramifications for national security and also for eco-
nomic competitiveness.

Mr. WEBSTER. Dr. Binkley?

Dr. BINKLEY. Following up on the theme introduced by Dr. Wil-
liams, if you look around, digital electronics pervades everything
that we do today, and the quantum technologies that are coming
about through research in QIS are likely to have a similar effect
as we move into the future, and you know, we are in fact at an
inflection point and the time really to invest is now.

Mr. WEBSTER. Madam Chair, I would say that in this Committee
we've had people come and testify about taking away some of the
money and adding it in to another program, but I would say that
the testimony here would be a direct assault on that in that having
money diverted into some other program by us would be detri-
mental to our advancement. I mean, there is an imperative. We're
not in sort of just a walk. We're in a run, a race. We're trying to
be number one. And so I know a lot of people have bought into the
fact that STEAM should replace STEM, and all I can tell you is
that to me says some of the money gets diverted, and I think that
would be a bad thing. There’s nothing wrong with the arts and
other things, I think those are great, but we’re in a race, and if
we're going to win this particular race, this race that we’re in now,
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we're going to have to take all of our resources for that particular
race and put them there. So long live STEAM, I'm glad for it, but
on the other hand, if we want to win this race, we’re going to have
to focus on STEM. I yield back.

Chairwoman CoMSTOCK. Thank you, and I now recognize Ms.
Bonamici for five minutes.

Ms. Bonamict. Thank you, Madam Chair.

Before I begin, I want to recognize a member of the audience,
Physics Professor Michael Raymer, a University of Oregon pro-
fessor, Dr. Raymer received tenure on the faculty at the Institute
of Optics at the University of Rochester and he moved to the Uni-
versity of Oregon, my alma mater, in 1988 and served as the
Founding Director of the Oregon Center for Optics, now the Center
for Optical Molecular and Quantum Science. Dr. Raymer, thank
you for joining us today.

I want to start by joining the comments that many have made
about the concerns about budget cuts. I also wanted to thank Chair
Comstock for mentioning the importance of leadership, and we’re
all talking about the 2016 report that was done of course with the
leadership of Dr. Holdren and others in the White House Office of
Science and Technology. OSTP has now been vacant at the top po-
sition for the longest time since it was established in 1976 with a
fraction of its staff that was there at the time of the 2016 report.
So I want to point that out, that that’s critical to have that leader-
ship and that position.

I also want to respond to my colleague’s comments about
STEAM. As the founder and co-chair of the bipartisan Congres-
sional STEAM Caucus, I don’t want to use too much of my time
but just to emphasize that STEAM does not divert funding. It en-
hances STEM education by making sure that there’s creativity and
innovation in the educational process, and just as a point, the
Nobel laureates in sciences are much more likely to be engaged in
arts and crafts in their spare time. STEAM enhances STEM learn-
ing. It does not take away from the funding. What’s taking away
from the funding is the budget cuts that are proposed by the Ad-
ministration.

I also wanted to follow up on the point that Chair Comstock
made about education and workforce and the gaps in that, and I
know the panel has addressed that, but it was an important topic
in the 2016 report. One of the things that as a member of the Edu-
cation Committee, I want to emphasize is the importance of college
affordability and accessibility because a lot of the workforce that
we could rely on to solve some of these problems and to be leaders
in this area are finding challenges with not only college afford-
ability but many of them may be DC. recipients, so immigration re-
form and college affordability are also important to solving these
issues because we know that there are gaps.

So I'm going to ask all the panelists how should quantum com-
puting change the way we think about and plan for cybersecurity?
It’s something that we talk about a lot here in this Committee and
in Congress. Will we have—right now we have quantum encryption
in place for existing communications and financial networks before
quantum computers upend our current system of public key
encryption? In other words, do you expect that quantum computers
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will create hack-proof replacements? Can you address that? And TI’ll
ask each of the panelists, and then I do have another question as
well.

Dr. WILLIAMS. So at NIST, we've already embarked on the path
of trying to find algorithms that we can replace our current public
key infrastructure with that will be quantum resistant. This is
being taken seriously because we know that it is essential to have
it, so we believe that it will happen.

With regard to the broader cyber theme, there are other ways
that this technology helps. Again, very good clock and good timing
can actually increase the robustness of our networks, like with al-
most all kind of technologies that are both quantum takes and it
gives, and it’s about learning to understand how we can use the
technology to make our systems more robust as well as providing
quantum-resistant algorithms to replace current public key infra-
structure.

Ms. BoNnawMmicl. Thank you.

Dr. Kurose or Dr. Binkley, do you want to add to that on the cy-
bersecurity issue?

Dr. KUROSE. I would just say that the challenge of postquantum
encryption is a very active research area now, and there are a lot
of space methods that some of the community are coalescing
around, but I think you ask, is there a guarantee right now that
they’re going to be resistant? I don’t think the answer to that is ac-
tually known yet, and that’s a very active research area.

Ms. BoNnawMmicI. Dr. Binkley?

Dr. BINKLEY. At the Department of Energy, we’re not involved in
any cryptologic or cryptanalysis type of research so it’s not really
our lane. But we are very interested in what’s going to happen
with quantum networking. There are definite possibilities in the fu-
ture where quantum networking will have impacts on science-type
activities. We do operate the largest high-capacity network for
science in the nation today, and we are very interested in how that
will evolve in the future in light of quantum technologies.

Ms. BoNaMmicl. Thank you. And briefly, many of you mentioned
the importance of the private investment in research, and Dr. Wil-
liams, you even said we’re increasingly dependent on significant in-
vestments from U.S. technology giants and major defense compa-
nies, but do you all agree that robust federal investment in funda-
mental and basic research is critical to the development in the pri-
vate sector as well??

Dr. WILLIAMS. Yes.

Ms. BoNnawMmicl. Dr. Kurose?

Dr. KUROSE. I think yes, and I think also if you were to go to
those technology giants and say is that important, they would also
all say yes.

Ms. BoNawMmicl. Do you agree, Dr. Binkley?

Dr. BINKLEY. Yes, and I think also active partnerships between
government research organizations like NSF, NIST and DOE with
their counterpart—counterparts in the commercial sector are really
important. That’s actually proven very successful in the exascale
program over the last seven years.

Ms. BoNnaMmicI. Thank you, Madam Chair. I yield back.
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Chairwoman COMSTOCK. Thank you, and I now recognize Mr.
Hultgren for five minutes.

Mr. HULTGREN. Thank you, Chairwoman. Thank you all for being
here. I appreciate your work, and appreciate you spending time
with us today.

Dr. Binkley, I wonder if I could address my first question to you.
I wonder if you could talk briefly about the work across the Depart-
ment that’s being done in quantum space, not just in ASCR. I know
Fermilab, which is in my area, is involved in things like the Chi-
cago Quantum Exchange as well as IMQ Net with AT&T, Cal Tech
and the exchange to establish the first nodes of a quantum inter-
net. Can you talk about the impact this work will have throughout
our scientific ecosystem and how are the different programs like
HEP and the Office of Science working to make sure that this hap-
pens?

Dr. BINKLEY. So we’re viewing quantum in the broad sense with-
in the Office of Science. We do think of it as quantum information
science, which does contain some aspects—which does contain
quantum computing. So I'm not going to spend a lot of time dwell-
ing on the ACSR aspects of it, but we do see very, very strong pro-
grams already in existence and that need to evolve into stronger
programs in the basic energy sciences area that are aimed at quan-
tum materials that could be used in fabricating new types of
qubits, for example. We also see the potential for quantum-based
technologies for sensors and detectors that could be used in high-
energy-physics experiments. It’s possible to use concepts like quan-
tum squeezing to improve the sensitivity of certain types of detec-
tors. All of these are very active areas of research right now within
the entire breadth of Office of Science programs.

Quantum networking, which I mentioned a moment ago, is some-
thing also that I think deserves attention. In summary, within the
Office of Science we see opportunities across at least five of our six
programs for quantum science and quantum technologies to make
impacts on the physical sciences. Again, our emphasis is really on
the physical sciences here.

Mr. HULTGREN. Thanks.

Dr. Kurose, I wonder if I could address to you, I understand that
for QIS, the system of algorithms and standards would need to be
rebuilt from scratch. I wonder if you could give us an idea of how
large an undertaking this is. Is it fair to say this area of research
cannot be helped along by classical computing methods or do in-
vestments in exascale computing support quantum computing in
any way?

Dr. KUuroSsE. Well, first let me address the question specifically
with respect to cybersecurity because there the real challenge is
that quantum computers will be able to do the kind of factoring of
large numbers into prime numbers which are sort of at the key of
the RSA encryption algorithms that Member Lipinski was talking
about in his remarks. So from a security standpoint, it’s the capa-
bilities of a quantum computer to do something that a digital com-
puter cannot do in any reasonable amount of time, which is the
real challenge there, and that’s why new cryptographic algorithms,
the postquantum algorithms that are resistant to having quantum
computing, that’s why there’s so much focus on that right now.
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With respect to exascale, one thing maybe I'd like to emphasize
is that quantum again won’t be a panacea, won’t solve all problems
in computation, and as Dr. Binkley has pointed out, there are prob-
lems that are not well suited to quantum solutions and there we'’re
going to need supercomputers, we're going to need exascale for the
kinds of national competitiveness and to push forward science and
engineering research. So it’s not an either/or, but an and; and both
absolutely need to progress.

Mr. HULTGREN. Great. Thank you. I wonder in my last minute
here, Dr. Binkley and Dr. Kurose, what will DOE and NSF need
to do to prepare the next generation of researchers and program-
mers to be able to work with quantum machines? Our coding now,
as I understand it, is still based on the original linear models from
which we started out with punch cards. How long will it take to
maximize the effectiveness of these machines and make sure that
people are ready to maximize?

Dr. BINKLEY. So I think the way to start that process is to begin
to develop and deploy testbed computers, which is one of the things
that we and NSF have talked about doing. It’s become clear in our
advisory panels and other advice bodies that we use that getting
to where researchers have hands-on access to actual workable sys-
tems, even if they're very small, is what’s necessary to allow people
to begin to formulate ideas that then can lead to algorithms and
computational methods.

If you look back at the history of computing, when digital com-
puters first came out in the late 1940s, early 1950s, they were very,
very limited in capability, especially compared to today’s com-
puters, and yet having them in the hands of the research commu-
nity is one of the key factors in accelerating the adaptation of that
technology and the development of algorithms and methods.

Mr. HULTGREN. My time’s expired. We may follow up, if that’s all
right, in writing, if that’s okay? I yield back.

Chairwoman COMSTOCK. I now recognize Mr. McNerney for five
minutes.

Mr. McNERNEY. Well, I thank the Chair and I thank the wit-
nesses this morning.

It sounds to me like QIS is a fairly broad subject, and quantum
computing is one small part of that. Now, one of the things about
some of these physics challenges is that there’s areas that seem
like they’re going to be solved in 15 years and it’s always going to
be 15 years. Is quantum computing one of those areas that we're
going to be struggling with 15 years from now with the same sort
of vast misunderstanding or not understanding that we do today?
Dr. Kurose?

Dr. KUROSE. Well, if you'd asked me that question five years or
ago or maybe even three years ago, I might have said yeah, that
could be the case, but I think now that you see smaller-scale quan-
tum computing being available, In the next panel you’ll have Chris
Monroe. Who has a computer—a quantum computing device at the
University of Maryland. You'll have IBM, who’s put their quantum
computing device online. It’s becoming real. It’s not becoming real
yet at the scale of the number of qubits and the size of the com-
putation that could pose a threat to cracking RSA, for example, but
we’ve made a real quantum leap, if you will, from five years ago,
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to today, to actually having these devices and making these devices
available to folks.

Mr. McNERNEY. So we’re going to be seeing application of QIS
all over the place, it sounds like. What are some of the inherent
scientific and technical challenges that we’re going to be seeing or
that we’re going to have to overcome. Dr. Williams?

Dr. WiLLIAMS. So I think there are a number of challenges. I
mean, again, it’s speaking back toward NIST mission. Small proc-
essors can allow us to build several kinds of devices that would—
including extremely low-noise amplifiers and other things that
could provide signal in places where you can get no signal because
we know how we can play around in the amplification world in the
quantum level to do things you cannot do classically. So I think
this technology is going to really remake a lot of our modern elec-
tronics type thing so when you think about computers, I mean,
computers are not just sitting on your laptop. They’re in every
game, in every toy and almost everything that’s in your house. The
technological challenges of isolating them are hard and yet we
know with Nitrogen-vacancy centers in diamonds, for example, that
we can maintain coherence in a quantum system at room tempera-
ture. We are learning tremendous amounts of new things about
where this technology is going, and I think this is one of those
areas where the future, probably the most important discoveries,
the most important things that will come out of this QIS revolution
are yet unknown.

Mr. McNERNEY. Well, one of the things that we should be wor-
ried about is the implications on national security and national
economy. So are we making the kind of investments that are nec-
essary to keep control of those two issues as opposed to all of a sud-
den finding ourselves behind the eight ball?

Dr. WiLLIAMS. I believe that we are at that inflection point where
it is essential that we figure out how we convert this basic science
into the technology because it’s the technology that basically pro-
duces the broad economy that we tax and pays for science. So we
need to ensure that we own the space, and in a “flat world,” this
is a far more difficult game than it was at the end of World War
II where we won the advantages of the transistor and so now we
must compete globally with other nations to exploit the science and
turn it into technology.

Mr. McNERNEY. Is it going to be more of a cooperative inter-
national effort or a competitive international effort, Dr. Binkley?

Dr. BINKLEY. I think it’s actually going to be a combination of
both. I mean, there are certain areas where the relationship be-
tween our researchers and their counterparts in foreign countries
is very collegial and very collaborative but there are also areas
where it’s very competitive, and in the areas related to quantum
science and technology, I think we’re going to see a more competi-
tive nature when it comes to international dealings because of the
economic forces that will come to bear through the technologies
that are ultimately developed.

That said, I think there still be impacts in areas like high-energy
physics and nuclear physics where quantum detector technologies
will accelerate the pace of science and there it'll be more collegial
and collaborative.
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Mr. MCNERNEY. Thank you. I yield back.

Chairwoman COMSTOCK. I now recognize Mr. Rohrabacher for
five minutes.

Mr. ROHRABACHER. Madam Chairman, thank you very much for
your leadership in calling this hearing today and organizing it. We
appreciate that.

Let me just note that when I got here years ago, 30 years ago
now, there was a big debate as to whether or not we should put
$600 million into the development of picture tubes, and we were
falling behind. Come to find out, of course, of that $600 million, a
significant portion of that would be used in developing analog pic-
ture tubes at a time when digital technology was sweeping into
that industry. So not all the times when you spend money and
you’re saying it’s for a specific end are you achieving the goal that
you want to achieve. In fact, sometimes cuts force people to make
priority decisions, for example, not putting money into analog old
technology rather than into digital technology. And if you never
terminate the least effective research that you’re doing, you will
drag down the most productive research that you’re doing. So the
fact that there have been responsible cuts to various programs is
something that will actually, I think, make our scientific commu-
nity more effective rather than less effective.

And when it comes down to this issue, let me just note this has
been a terrific hearing. I want to thank the witnesses. I have a bet-
ter understanding now of the challenge that we face. It sounds like
to me, and let me get the pronunciation of Jim Kurose?

Dr. KUROSE. Kurose.

Mr. ROHRABACHER. Kurose. You noted that we were actually
ahead in the basic science and we are ahead in that but what it
sounds like to me, Madam Chairman, is that we are not really
making the transition from the basic science into applied science
in a way that America will remain a leader in this effort. Is there
something that we can do? Now, applied science is just another
word, I guess, for applied for defense, et cetera, but also commer-
cialization is part of what we talk about in terms of applied
science. When we didn’t have the money for NASA to spend all the
money we needed for various space transportation systems, we
turned to the private sector and now we have—with the commer-
cial legislation that we passed, we have a very vibrant and impor-
tant investment in space transportation coming out of our private
sector.

Now, is there something that we can do? I mean, okay, I'm the
author of the Commercial Space Act so I'm bragging about that,
but is there something we can do to make the applied go from the
basic to the applied and incentivize the private sector to invest
money in the applied scientific approach to this issue, Dr. Kurose?

Dr. KUROSE. Well, thank you for the question, and in my earlier
remarks I actually talked about partnerships between industry and
the National Science Foundation and the research community, and
so really what you're talking about is use-inspired research, and I
think one of the advantages of having that collaboration between
industry, academia and the federal government is that we are able
to bring in use-inspired research challenges into the research.
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That’s not a replacement for fundamental research but it is impor-
tant.

Mr. ROHRABACHER. Well, it’s utilizing fundamental research.

Dr. KUROSE. It’s utilizing fundamental research. Actually, new
research problems can be suggested by the use and by the develop-
ment.

Mr. ROHRABACHER. Well, I would hope that we can come up with
some specific ideas how to encourage these private sector compa-
nies, which will utilize the information to actually invest in that
transition between basic and utilization.

Do any other witnesses have any thoughts on that?

Dr. WILLIAMS. So I agree with Dr. Kurose. Partnerships are im-
portant. Other things that can help are things like other trans-
action authority that would allow us to better interact between aca-
demia, industry and the private sector and the government because
there are a lot of restrictions around the IP that creates problems,
and OTA will give us some flexibility there.

Mr. ROHRABACHER. How about the DOE? Does it have some
ideas on that?

Dr. BINKLEY. Well, I come back to the general concept that Dr.
Kurose mentioned and also Dr. Williams in that effective partner-
ships between government research organizations and private com-
panies are a very good way to go.

Mr. ROHRABACHER. Well, we’ve got to make it profitable for peo-
ple to do that.

Dr. BINKLEY. Correct. But that has succeeded in several areas in
Office of Science programs, and it serves to bring together re-
searchers from essentially the commercial environment and the
government-funded side, and often it’s beneficial enough to the
company that they put their own resources into that as well. So I
think that’s one of the most effective ways of accelerating the tran-
sition of basic science into commercial applications.

Mr. ROHRABACHER. Thank you very much, and thank you,
Madam Chairman.

Chairwoman COMSTOCK. I now recognize Mr. Tonko for five min-
utes.

Mr. ToNKO. Thank you, Madam Chair. Thank you to all our wit-
nesses.

Quantum technology is an exciting frontier, and I'm proud of the
advances happening in my home State of New York and at univer-
sities in my region throughout the capital district. I continue to
hear from universities that want to partner with other universities
and industry and federal endeavors in quantum technology. I hope
that we continue to look toward the future and foster opportunities
for universities and industry to grow this critical field. It obviously
begins with basic research and so I am concerned that the 2018
budget proposed by President Trump includes an 11 percent cut, as
we heard earlier, to NSF, a 6.6 percent cut to quantum information
science at NIST, and a 16 percent cut to DOE’s Basic Energy
Sciences program where Dr. Binkley just testified much of their
quantum research is supported. So it’s got to set a tone. I believe
government sets a tone and provides for basic research and then
hopefully move forward, and in light of the international scale and
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what is happening, it’s very problematic to see these proposals
coming from our President.

The National Science and Technology Council Interagency Work-
ing Group on Quantum Information Science has done crucial initial
work to scope and prioritize the research in various efforts. Can
any of you provide an update on the Interagency Working Group?

Dr. WiLLiAMS. The Interagency Working Group’s charter has
been extended and continues to meet. In fact, I believe we have a
meeting on Thursday this week. That group is trying to come up
with a playbook of possible paths forward given different scenarios.
I think we see ourselves as very collaborative across the whole of
government. We've been working close together for years. We all
see that this is vital to our mission space. This includes not only
the agencies sitting at the table but many of the agencies that are
part of the DOD and the intelligence community as well.

Mr. ToNKO. Thank you. All three of your agencies fund research
into quantum materials as a fundamental underpinning for a quan-
tum technology revolution. Can you describe in lay terms what
quantum materials are and the different aspects of quantum mate-
rials research that each of your agencies is supporting? Dr. Wil-
liams?

Dr. WiLLIAMS. So quantum materials are materials that have
specific properties. In some cases, because they are 1 or 2D mate-
rials and the various special kinds of films, and in some cases it’s
because they have specific properties. So some of these are super-
conducting materials. Some of them are ultrapure silicon so that
we can get rid of the nuclear spins that come, isotopically pure sil-
icon so silicon has three isotopes, and those nuclear spins cause
problems in quantum computing. So we basically invest in a broad
range of different materials that are necessary to support this tech-
nology, to create sensors and single proton detectors that have both
the properties that they can sense a single photon, reset them-
selves, and have very high quantum efficiency, which means again
putting different types of materials stacked on top of them. So
there’s a lot of different types of processing going on to do these
things so it’s a very broad field.

Mr. ToNKO. Thank you.

Dr. Kurose?

Dr. KUROSE. I would just add that at the National Science Foun-
dation, we don’t fund any intramural research; we fund academic
research across the United States in many different areas, so 94
percent of the funding that comes to the National Science Founda-
tion goes out to researchers in academia. How funding is allocated
to make the hard decisions that Member Rohrabacher mentioned,
that’s done through merit review, so the scientists come in and pro-
vide advice to the National Science Foundation about what the
most promising research activities are among the——

Mr. TONKO. So it seems like a very critical area of federal invest-
ment.

And Dr. Binkley, please?

Dr. BINKLEY. So following Dr. Kurose’s remarks, the Department
of Energy research activities are funded in both universities and in
DOE National Laboratories and again through a very rigorous peer
review process. In our materials area, we’re really focused on what
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we call functional materials, materials that are essentially de-
signed to achieve certain functions using quantum mechanical prin-
ciples to begin with. We also focus our research heavily in the char-
acterization of materials. We have tools and diagnostic methods for
accurately characterizing materials. Dr. Williams mentioned pure
isotopes of certain materials. The DOE research is also focused on
methods for production of certain isotopes. In all cases, we coordi-
nate our research activities in quantum materials across our re-
spective organizations to avoid any duplication of effort.

Mr. ToNkO. Thank you. I thank all three of our witnesses, and
with that, Madam Chair, I yield back.

Chairwoman COMSTOCK. Okay. I now recognize Mr. Foster for
five minutes.

Mr. FOSTER. Thank you, Madam Chair, and thank you to our
witnesses.

You know, I have to say I'm not surprised at the incredible com-
puting power that’s available in the physical universe. I remember,
you know, back learning quantum field theory at Harvard more
than 30 years old. They told us well, at every point in space time
there was infinite—an operator, an infinite dimension matrix, and
these were propagated through time with a set of equations that
are called the standard model. And just when you think about the
incredible computing power that happens in the universe, you
know, it’s not surprising that there’s power out there.

What I am blown away with is the fact that over the last 30
years, we have found ways to tap into that computing power, and
that these—you know, it’s just really impressive.

I was also very interested in the claim that you can actually pre-
serve quantum coherence at room temperature, which is something
I want to follow up with because that means that there may be a
possibility of actually having quantum computers in your cell
phone whereas previously, you know, the scenario that people were
looking at were giant supercomputer front ends to small boxes with
cryogenics in it to provide cloud-based access so we may actually—
if that is actually true, that could change, you know, the way we
actually deploy this.

Now, one of the bright spots of bipartisan agreement in this—on
this Committee and in Congress is about robust funding for
exascale computing, and so Dr. Binkley, could you discuss how the
next generation of exascale computing systems such as the one at
Argonne National Laboratory is working to bring online in 2021
could synergize and elevate a robust quantum computing tech-
nology ecosystem?

Dr. BINKLEY. Yeah, I can cite a couple of examples of where that
occurs. One is that obviously there’s a tremendous search on for
quantum materials that can be used in cubit technologies and so
a lot of the simulation capabilities that exist in our material
science and chemical sciences communities can be brought to bear
on that problem.

Another area that is under active exploration is that you can
simulate quantum computers on classical computers, and in fact,
with the largest computers we have today, we can simulate quan-
tum computers that contain up to about 40 or so aubits, and that
actually gives us a way to begin to simulate algorithms and do al-
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gorithm development, and that will be accelerated when we go to
the exascale-class computing.

Also, the exascale computing is giving us the ability to look deep-
er into particle physics and nuclear physics phenomena, and that’ll
give us insights on quantum algorithms that can be developed in
those areas as well.

Mr. FOSTER. Thank you. And I guess on the next panel of wit-
nesses we're going to see some discussion of what the key skills
that you need to get the workforce that can actually do this, and
I guess the list that appeared in the written testimony were cryo-
genics, FPGA programming, superconducting materials develop-
ment, and microwave engineering. You know, that sounds pretty
much like a description of what I did during my 25 years at Fermi
National Accelerator Lab. I think somewhere on my laptop back
home are hundreds of pages of FPGA code, cryogenic systems cal-
culations, you know, designs of high-power phase shifters for micro-
wave applications and so on.

And so it strikes me that the national labs are really well posi-
tioned to play a key role here, and so I guess the question for Dr.
Binkley, how exactly is the Department of Energy using the capa-
bilities of Argonne Lab and Fermilab to advance quantum science
to hopefully stay ahead of the competition here?

Dr. BINKLEY. So that’s a very good question, and so presently,
we’re really at the very beginning of that process, and as I men-
tioned a little bit earlier, the first step is to develop and deploy a
few testbed computer systems at various of our national labora-
tories so that researchers can begin to do systematic development
of algorithms and computational approaches to problems. And then,
you know, later on, depending on where the field of quantum com-
puting goes, there may be opportunities where DOE technologies
can be applied in that path as well. But right now our focus is real-
ly on the very, very early stage development of quantum computing
algorithms using testbeds and also looking at quantum simulation
as a technique for looking at molecular problems.

Mr. FOSTER. Thank you. And I guess my last question is for Dr.
Kurose and Dr. Williams. There’s been two big areas, it seems to
me, one of which is the whole encryption, you know, and commu-
nication. The other one is just using this as a compute engine for
things like, protean folding and all these really intractable prob-
lems that we’re facing, so how do you see—-in one of these areas,
it’s probably okay to have open communications with the entire
world. The other one just for national defense reasons has to be
very closely held. And so how do you handle the communications
between, you know, the dark side that has to remain dark and you
know, the purely scientific side that maybe shouldn’t?

Dr. KUROSE. It’s a great question, and I'd say that the National
Science Foundation funds open basic fundamental scientific re-
search, and so, if you were to look at prequantum encryption algo-
rithms, there’s NSF funding involved in that. Other agencies are
involved when you talk about the classified space and there are
other opportunities there, but at the National Science Foundation,
the work funded is open.

Mr. FOSTER. Do you feel there’s adequate communication or is
that just a problem you run into all the time?
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Dr. KUROSE. Communication among

Mr. FOSTER. Between, you know, for example, your scientists
that work, you know, in the unclassified scientific area and have
good visibility into the technologies that are being developed with
the nontrivial amounts of money we’re putting into the classified
sector, or is that a problem where you end up inventing, you know,
t}ﬁe same device in two different spaces with a lot of inefficiency
there.

Dr. KUROSE. Golly. Given I don’t have a clearance, it’s a little bit
hard for me to comment on both sides at the same time. Maybe I
could just—if I could take 20 seconds just to tell you a story that
during World War II, some of the fundamentals being RSA
encryption were done in the dark at the same time in England, and
it was really shocking to imagine that 2,000 years of how we were
doing encryption was turned on its head by RSA and the algo-
rithms there, and yet unbeknownst to the team here in the United
States, there was another team in England doing the same thing,
and so sometimes there are ideas that are in the area, really, really
smart people put together these ideas and can come up with not
exactly the same but some really similar super, super creative
ideas.

Mr. FOSTER. I guess I've exceeded my time.

Chairwoman CoMSTOCK. Thank you, and I now recognize Mr.
Beyer for five minutes.

Mr. BEYER. Thank you, Madam Chair, very much. Thank you all
for being here today. It’s not every day you get the opportunity to
ma}llie;) a Schrodinger’s cat joke, although it is at the same time,
right?

Anyway, I want to begin by pushing back a little back on my
good friend Mr. Rohrabacher about agreeing that yes, it does make
sense to abandon unproductive research efforts but then I deeply
believe the money should be redirected to other more productive re-
search efforts. At the end of the day, less research is still less re-
search, and that’s not good for any of us.

Dr. Binkley, you're Department of Energy. I've been impressed
today how in all the talk about QIS, there’s been so little discussion
about its impact on energy, and I bring that up because it seems
to be half of what we talk about on Capitol Hill, you know, fossil
fuels, climate change, a lot of nuclear physics here. You did men-
tion photosynthesis and the impact there, and sort of a passing ref-
erence to being able to explore gas and oil better with quantum
technology, but can you look at—can you talk a little bit about the
larger energy picture and what quantum physics may bring us?

Dr. BINKLEY. Yes. Let’s see. To begin with, there are many, many
processes for producing energy from various types of fuels. A lot of
those processes depend on chemical reactions, and in the case of
chemical reactions, quantum computing will enable much speedier,
much more accurate calculations and simulations to be done, which
will have impacts on those systems. If you consider also the effec-
tive utilization of biofuels, a lot of the problems that we face in un-
derstanding biofuels and bioproducts or biomanufacturing, for that
matter, ultimately become problems in chemical reactions trying to
determine activation energies and things like that. Being able to do
more accurate, more thorough calculations using quantum com-
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puting-based techniques will also accelerate those processes as
well. Essentially, any problem that is either materials or chemical
sciences is going to become much more tractable with quantum
computing at it becomes available in whatever time frame. I would
expect that to have direct impacts on the energy

Mr. BEYER. It sounds like we need to take the all-of-the-above
philosophy and add quantum physics to that.

Dr. Williams, you talked about quantum teleportation and entan-
glement, the whole idea of action at distance which you know Ein-
stein hated, and you talked about the Chinese have now done it
over 1,200 kilometers. We also—our Committee is Science, Space,
and Technology. Do you see this —so we’re now violating the sort
of absolute speed of light is the limit with entanglement. Are there
ways for us to explore deep space to break the barriers using quan-
tum teleportation?

Dr. WILLIAMS. So break barriers in some ways but not in ones
that violate any of the laws of physics. Again, on the quantum
teleportation, in order to actually extract the information, you have
to also have a classical channel so you are causally limited in order
to exploit it. However, again in deep space exploration, the use of
entanglement and everything else can give us a couple of things—
super dense coding—that is ways of packing more information into
a small number of bits. Again, these amplifiers I've talked about,
they can come back in because again, that spacecraft is now so far
away that its signal takes a long time but its signal also goes out
in a very large area so only a small piece of the signal comes back
to Earth. Can I build an amplifier that allows me to pick up that
extraordinarily weak signal, and this technology allows that. So
there’s numerous reasons that to agencies like NASA and deep
space exploration that this technology will be crucial to helping us
further explore and understand the basic principles of the universe.

Mr. BEYER. Thank you very much.

?Dr. Binkley, very quickly, can you tell us what quantum gravity
is?

Dr. BINKLEY. Well, there’s ultimately the question of merging
quantum theory with the general theory of relativity, and it’s
thought that quantum gravity can be explained ultimately in those
terms. How that’ll affect—I mean, that’s not really a quantum com-
puting problem per se but it’s a QIS, a quantum information
science problem. It’s a challenge in the area of quantum informa-
tion science. It’s an unsolved problem at this point.

Mr. BEYER. Okay. So it’s—great. Thank you very much.

Mr. Chair—Madam Chair, I yield back.

Chairwoman CoOMSTOCK. I thank the witnesses for their testi-
mony and the members for their questions. You obviously have a
lot of interested Members here today. We will now invite our sec-
ond panel up to the table, and once we get everyone there, we can
welcome and introduce our second panel of witnesses.

Okay. Great. We'll move forward here on our second panel.
Thank you for your patience. Now, our fourth witness today is Dr.
Scott Crowder, Chief Technical Officer and Vice President, Quan-
tum Computing, Technical Strategy and Transformation for IBM
Systems. In this role, his responsibilities include leading the com-
mercialization effort for quantum computers and driving the stra-
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tegic direction across the hardware- and software-defined systems
portfolio, among other things.

He holds both a Bachelor of Arts degree and a Bachelor of
Ccience degree in international relations and electrical engineering
from Brown University as well as a Master of Arts in economics
from Stanford. He also holds a master of science and Ph.D. in elec-
trical engineering from Stanford.

Our fifth witness today is Dr. Chris Monroe, Distinguished Uni-
versity Professor and Bice Zorn Professor in the Department of
Physics at the University of Maryland. He’s also founder and chief
scientist at IonQ, Incorporated, and a Fellow of the Joint Quantum
Institute between the University of Maryland, NIST, and the Na-
tional Security Agency. Additionally, he’s a Fellow of the Center for
Quantum Information and Computer Science at the University of
Maryland, NIST, and NSA.

He received his undergraduate degree from MIT and earned his
Ph.D. in physics from the University of Colorado at Boulder, study-
ing with Carl Wieman and Eric Cornell. His work paved the way
toward the achievement of Bose-Einstein condensation in 1995 and
the Nobel Prize in Physics for Wieman and Cornell in 2001.

He then was a staff physicist at NIST in the group of David
Wineland, leading the team that demonstrated the first quantum
logic gate in any physical system. Based on this work, Wineland
was awarded the Nobel Prize in Physics in 2012. In 2000, Dr. Mon-
roe became Professor of Physics and Electrical Engineering at the
University of Michigan, where he pioneered the use of single pho-
tons as a quantum conduit between isolated atoms and dem-
onstrated the first atom trip integrated on a semiconductor chip.
From 2006 to 2007, he was the Director of the National Science
Foundation’s Ultrafast Optics Center at the University of Michi-
gan.

And now I will recognize Mr. Lipinski to introduce our third wit-
ness.

Mr. LipINSKI. Thank you. Our third witness is Dr. Supratik Guha
who is the Director of the Nanosciences and Technology Division in
Center for Nanoscale Materials at Argonne National Laboratory
and a professor at the Institute for Molecular Engineering at the
University of Chicago.

Dr. Guha came to Argonne in 2015 after spending 20 years at
IBM Research where he served as the Director of Physical
Sciences. At IBM, Dr. Guha pioneered the research that led to
IBM’s high dielectric constant metal gate transistor, one of the
most significant developments in silicon microelectronics tech-
nology. He was also responsible for significantly expanding the size
and strategic initiative of IBM’s quantum computing group. Dr.
Guha is a member of the National Academy of Engineering and a
Fellow of the Materials Research Society in the American Physical
Society. He’s one of only a few scientists who has been a tenured
professor, an executive at a major multi-national company, and the
division at a major national laboratory. He received his Ph.D. in
material science in 1991 from the University of Southern California
and B. Tech in 1985 from the Indian Institute of Technology. So
welcome, Dr. Guha.
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Chairwoman CoMSTOCK. Okay. And I now recognize Dr. Crowder
for five minutes to present his testimony.

TESTIMONY OF DR. SCOTT CROWDER,
VICE PRESIDENT AND CHIEF TECHNOLOGY OFFICER
FOR QUANTUM COMPUTING,
IBM SYSTEMS GROUP

Dr. CROWDER. Chairwoman Comstock, Chairman Weber, distin-
guished Members of the Subcommittees, thank you for this oppor-
tunity to testify before you today. I am here representing IBM
where I lead the company’s IBM @ program whose goal is to pro-
vide quantum computing access to industry and research institu-
tions for business and science.

We tend to think classical computers can solve any problem if
they are just big or fast enough, but that is not the case. There are
a whole class of exponential problems that classical computers are
not good at and never really will be. One example is simulating the
behavior of atoms and molecules. Unfortunately, for anything be-
yond very small molecules, this task lies far beyond the capacity
of conventional computers. Accurately simulating relatively simple
molecule like caffeine would require a classical computer 1/10th the
size of planet Earth. With better simulation, we could do amazing
things. We could develop new life-saving drugs or manufacture in-
credibly light and durable new materials for airplanes.

When I talk to leading U.S. companies about their unsolved prob-
lems, the problems, that if solved, could bring them huge economic
benefit and competitive advantage, these exponential problems
turn up everywhere. They are problems such as developing new
materials at a chemical company, understanding aging of batteries
at an automotive company, optimizing the supply chain at a logis-
tics company, and hedging risk and commodity prices at a con-
sumer goods company. What they have in common is they are expo-
nential problems that have real business value if solved.

Quantum computing holds the promise to solve these types of
real problems and bring real commercial value to U.S. industry. It
is a radically different computing paradigm that could launch a
new age of human discovery. IBM has built and made available via
cloud access real quantum computers of 5 and 16 qubits for edu-
cation and exploration. These IBM Q experience systems were the
only freely available quantum computing resource until this month
ngen a Chinese institution made a smaller, 4 qubit system avail-
able.

IBM has also announced IBM Q, an initiative to build the first
universal quantum computing systems commercially available to
industry and research partners. Access to 17 qubit systems is
planned for later this year with growth to 50 qubit systems in the
not-too-distant future. These systems are located in New York and
securely accessed by IBM Q partners via the cloud.

When one examines the depth of the commitment other countries
are making in quantum computing, our belief is the U.S. Govern-
ment investment in driving this critical technology is not sufficient
to stay competitive.

The European Commission announced last year that it would
create a 1 billion Euro research effort called the quantum tech-
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nology flagship. According to estimates by McKenzie, the European
Union has twice the number of quantum researchers as the United
States and dedicates 1-1/2 times the funding. China has also in-
creased the national prioritization of quantum technology. That
same McKenzie study showed China has more quantum research-
ers than the U.S. In China, government and industry are working
cooperatively. The Chinese Academy of Sciences and Alibaba jointly
established the Alibaba Quantum Computing Lab with clearly de-
fined goals to build 50-qubit and larger systems.

Given the growing competition, what can the U.S. do to maintain
its quantum leadership? We believe success will require partner-
ships between industry, academia, and government to drive the
basic research, create talent and skills required, and help U.S. in-
dustry explore how this new technology can be used for economic
advantage. We support and commend the actions of the U.S. De-
partment of Energy’s Office of Science to create quantum com-
puting test beds. These efforts should be significantly expanded to
ensure we are putting the most advanced quantum computers in
the hands of U.S. research scientists and early industry adopters.
This should include early stage commercial quantum computers
from not just IBM but from other industry participants to ensure
exploration of multiple underlying quantum technologies.

In order to ensure continued American leadership in funda-
mental quantum technology, the U.S. Government should partner
with academic institutions to increase funding for basic research in
alternative quantum technologies and quantum algorithms.

Finally, we must do more together to drive talent development
in quantum computing in this country. Students in the U.S. from
over 500 academic institutions are using the IBM Q experience and
the related quantum software development kit for education and
skill development. But the efforts of industry are not enough to de-
velop the necessary skills in quantum information science. Govern-
ment at the federal and state levels must work with industry and
academia to create both regional centers of excellence for quantum
computing and topical centers of excellence for quantum-based so-
lutions in areas such as computational chemistry and optimization.

You're right to focus on U.S. quantum leadership given its crit-
ical importance to our national competitiveness and security. Work-
ing together, we can ensure that the U.S. continues to lead the way
in quantum computing.

Thank you for the opportunity to provide testimony on this very
important topic.

[The prepared statement of Dr. Crowder follows:]
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Testimony of Scott Crowder
Vice President and Chief Technology Officer for Quantum Computing, IBM
Before the House Committee on Science, Space, and Technology
Subcommittee on Research and Technology and Subcommittee on Energy
Rayburn House Office Building — Room 2318
Tuesday, October 24, 2017

Introduction

Chairwoman Comstock, Chairman Weber, members of the subcommittees. Thank you
for inviting me here to testify this morning. My name is Scott Crowder and | am IBM’s
Vice President and Chief Technology Officer for Quantum Computing.

Quantum computing is not just another emerging technology. It is a radically different
computing paradigm that could launch a new age of human discovery. The technology
will one day help us to solve problems that are unsolvable today with classical computer
systems. You are right o focus on U.S. quantum leadership given its critical importance
to our national competitiveness and security.

For the purposes of this hearing, | will focus on the commercial significance of quantum
computing. IBM’s position is that the commercial world should begin to experience
significant benefits from approximate forms of quantum computing within a few years.
In contrast, the much larger, fully fault-tolerant universal quantum computers which will
be required for practical decryption are several decades in the future.

In my testimony today, | will provide a brief overview of what differentiates quantum
computers, the current state of the technology, our longer-term roadmap and how
government can help advance quantum research. I'll also touch on the status of
quantum research in other countries, and the critical need to develop human skills
training in quantum computing here in the U.S.

Why quantum computing is different

Quantum theory changed the world in the early 20" century by explaining the bizarre
behavior of subatomic particles. After decades of research, much of it led by IBM, we
can now exploit the laws of quantum mechanics in a way that gives us a potential
“quantum advantage” in conducting certain calculations that conventional computers
cannot manage alone.

This development couldn’t come at a more important time. For more than 50 years
computing has been guided by Moore’s Law: the observation that the number of
transistors per square inch on integrated circuits will double every year. This
fundamental insight made the technology revolution and everything that defined it
possible, from home computers to supercomputers to smartphones. But as we
approach the physical limits of silicon-based technology, we must look to new methods
to expand computational power. Quantum computing is one of our best hopes.
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Quantum computers follow a different set of rules from classical computers. Rather than
bits, they use qubits, or quantum bits. These subatomic particles can exist in many
different states at the same time. They enable probabilistic processing that
exponentially exceeds the capabilities of a traditional computer. This opens the door to
tackle problems that have long been considered out of bounds because of memory,
processing, or time requirements.

Take the challenge of chemistry. If we could truly simulate the behavior of atoms and
molecules, their energies and interactions, we could do amazing things, like develop
new, life-saving drugs in a fraction of the time it takes today.

Unfortunately, this task lies far beyond the capacity of conventional computers. There’s
no realistic way we'll get there with a system based on current technology. In fact,
simulating a relatively simple molecule like caffeine would require a classical computer
roughly 1/10% the size of planet Earth.

Using quantum chemistry, we could model and research new chemical compounds that
lead to stronger, lighter, more efficient materials. These materials could be less
expensive to manufacture for use in everything from clothing to airplanes. Airplane
manufacturers could use these breakthroughs to design more durable, lighter airplanes
that are even safer, while reducing fuel use and the costs to passengers.

Another activity quantum computers will excel at is optimization: finding the best answer
when there is a huge, exponential number of possibilities. For example, no classical
computer today can optimize the routes, costs, and delivery schedules of 5,000 trucks
while accounting for payload, gas mileage, time, weather, and traffic, all of which are
changing in real time. With each new variable, the number of possible outcomes
increases exponentiaily. However, quantum computers could potentially solve this
problem in no time.

Quantum-enhanced weather simulations could help us better predict and plan for
extreme weather events, saving lives and offering a roadmap to better protect vital
infrastructure.

Food supply is another problem ripe for quantum solutions. Current synthetic fertilizers
are less effective than natural fertilizers because we cannot yet model the complex
combinations of their components. With enhanced fertilizers developed with quantum
computing models, farmers could grow more food in less space fo feed the world’s
growing population. In this way, we could better address food shortages and lower
environmental impacts.

The state of quantum technology today

Quantum computers share another defining characteristic. They are extremely complex
and challenging to build. Quantum mechanical states are exquisitely fragile and
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delicate. Anything can interfere with the successful functioning of the chip such as heat,
noise or electromagnetic waves. For that reason, we keep our chips inside a refrigerator
that is colder than outer space. It requires intricate engineering to maintain the quantum
state of ‘coherence’ — the lifetime of quantum information — and perform calculations,
while sending signals in and out of the system to know what the calculations are.

Existing quantum machines are still too small to fully solve problems more complex than
supercomputers can handle. Nevertheless, we’'ve made tremendous progress. The day
when quantum computers exceed the capacity of classical machines is now in sight. Let
me illustrate this with a few highlights of key developments at IBM.

We've developed algorithms that will run faster on a quantum machine. We now have
techniques that prolong coherence in superconducting quantum bits by a factor of over
100 compared to 10 years ago.

We achieved breakthroughs in methods to detect and measure the two types of errors
that will occur in any real quantum computer, known as bit-flip and phase-flip. This was
a necessary step toward quantum error correction, a critical requirement for building a

practical and reliable large-scale quantum computer.

IBM Research has already built and deployed functioning 5-qubit and 16-qubit universal
quantum computers and made them available to the public over the cloud. This
distinction of “universal” is important. It is the only class of quantum computer that has
been proven theoretically to vastly accelerate the solution to certain problems.
Thousands of academics and enthusiasts on all seven continents have used access to
the IBM quantum cloud service more than a million and a half times to do research,
publish papers, educate students, and perform new computations.

Earlier this year, IBM launched the industry’s first commercial program to provide
access to universal quantum computers, called |BM Q. As part of that program, we will
enable IBM clients to use a more powerful 17-qubit processor through the cloud. They
can take advantage of it to explore what they will eventually do with this technology.
Within a few years, we expect {o scale the system to 50 qubits. At that point, we believe
quantum computers will begin to solve problems that no traditional computer coutd
solve on its own.

It's important to note that quantum computers will augment, not replace, classical
computers. They will be used chiefly to handle specific types of problems, while
classical computers will continue to advance for the tasks that they are good for. The
most powerful systems of the next decade will be hybrids of quantum computers using
classical computers to control logic and operations with large amounts of data. For
example, guantum computing will improve artificial intelligence and machine learning by
finding the best answers within a huge, exponential number of possibilities.

| hope I've conveyed that quantum computing is real, and its impact on our world is
imminent. We at IBM are building universal quantum computers today and people are
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using them. Now is the time for the federal government to help expedite advancements
in the technology to maximize its benefits for the country. Similar efforts are taking place
elsewhere and it is imperative for the U.S. to keep up.

The importance of skills development

Training a new generation of people skilled in quantum computing is critical. That's why
we launched the IBM Q experience interactive website in May 2016.

To give you some idea of its impact, there are approximately 2,000 experts in quantum
information science in the world. But more than 50,000 people have accessed the IBM
Q experience, explored our tutorials, and run experiments on our real 5-qubit and 16-
qubit processors. Students in the U.S. from more than 500 academic institutions are
using the IBM Q experience and the quantum software-development kit for education
and skill development. This is but one example of how we can begin to grow the
quantum ecosystem and the number of those who are familiar with this technology.

As we have built our quantum computing effort, we have identified three areas where
there are skill shortages that must be addressed. Those countries that create the most
effective partnerships between industry, academia and government to develop these
skills will have a significant competitive advantage. )

The first area is the development of quantum system hardware. The most critical skill
areas we see in hardware development are cryogenics, FPGA programming,
supercomputing materials development and microwave engineering. There is some
opportunity for mid-career re-training of engineers and research scientists to meet the
skill demands. However, targeted research in these fields at graduate degree programs
and curriculum within technical undergraduate programs will be required to satisfy future
demand.

The second skill area is deep quantum information science expertise. This is necessary
to drive both quantum computer and algorithm development. It requires a strong focus
at the undergraduate and graduate levels as well as targeted post-doctoral research.
Creation of quantum information science disciplines and funded research in that field is
paramount to strengthening this critical skill.

The third skill area is quantum application and solution developers. The IBM Q
experience and our open source QISKit software-development kit help by providing
useful educational tools. They also reduce the barrier to entry for new programmers, but
they are not sufficient. Those countries that undertake targeted research that benefits
quantum computation in academic and government research institutions will enjoy a
significant advantage. Furthermore, government and industry and must partner together
to ensure that these institutions and early industry adopters have access to commercial
quantum computers.
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Global competition

The U.S. still leads the world in areas such as patents in quantum computing, but
competition from other countries is rising sharply. Federal grant-making to universities
and other partners for core quantum research and development remains significant, but
is also rapidly being eclipsed by other governments. As a result, our belief is that the
U.S. government’s investment in quantum technology is not sufficient to stay
competitive. The race is on, and the field is rapidly expanding. Countries large and small
are using novel forms of public-private partnerships to promote quantum
commercialization. Let me touch on a few.

Canada has launched a national initiative to grow that country’s vibrant quantum
ecosystem. Known as Quantum Canada, it seeks to preserve Canada's advantage in
quantum technologies and expand them for long-term economic prosperity. in
September of last year, Canada committed $76 million to the Transformative Quantum
Technologies program at the University of Waterioo.! The goal is to tackle three
challenges in quantum research: development of a universal guantum processor,
quantum sensors and long-distance quantum communications

Australia also announced an AUD $25 million investment for a total of 5 years to help
develop a silicon quantum integrated circuit, a critical step in building a functional
quantum computer. The funding has been allotted to the University of Sydney and the
University of New South Wales 2

The European Commission announced last year that it would create a €1-billion
research effort called the Quantum Technology Flagship. The focus will be on four
quantum technologies: communication, computing, sensing and simulation.® A
McKinsey consulting report estimated that the European Union had more than twice the

1 Government of Canada. 2016. “Government of Canada invests $900 million to
transform university research.” Canada First Research Excellence Fund. September 6.
hitp://www cfref-apogee.qc.ca/news room-salle_de presse/press releases-
communiques/2016/University of Waterloo-eng.aspx

2 Government of Australia. 2016. “Advancing quantum computing technology,”
Australian Government National Innovation and Science Agenda.
hitp://www.innovation.gov.au/page/advancing-qguantum-computing-technology

3 Gibney, Elizabeth. 2016. “Europe plans giant billion-euro quantum technologies
project.” Nature, April 26. http://www.nature.com/news/europe-plans-giant-billion-euro-
quantum-technologies-project-1.19796
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number of quantum researchers and one-and-a-half times the funding for quantum
compared to the United States.*

The government of China’s deep and growing support for quantum research is well
known. Quantum technologies are viewed as vital to national security and to strategic
competition. Quantum computing holds a prominent place in China’s Five-year National
Science and Technology plans.® Construction is underway for a $10 billion research
supercenter for quantum applications, called the National Laboratory for Quantum
Information Science.® Chinese scientists estimate being able to create a 50 qubit
quantum computer that could exceed the world’s fastest supercomputer by 2020.

The same McKinsey study estimates the country has more quantum researchers than
the United States.

The Chinese government is working closely with industry partners fo drive their national
quantum agenda. Alibaba, along with the Chinese Academy of Sciences, has
established the Alibaba Quantum Computing Lab with clearly defined, ambitious goals.
These include launching a quantum cloud computing platform by 2017 and scaling up to
100 qubits by 2030.7 ‘

Recommendations for U.S. government

What can and must the U.S. do to keep pace with these efforts? Let me offer a few
recommendations from an industry perspective.

Federal funding for basic quantum research enabled the U.S. to dominate the field of
Quantum Information Science for decades. It made many subsequent breakthroughs in
quantum computing possible. Now, in the face of intensive global competition, we
believe the federal government must do more. It must play a key role in creating an
environment within the United States that is better than any other country’s at fostering
the commercialization and growth of quantum computation.

4 Hofman, Sander. 2016. “Start your engines! The race to quantum computing is on.”
Medium, July. hitps://medium.com/@ASMLcompany/start-your-engines-the-race-to-
quantum-computing-is-on-14¢3076a5¢c47

5 Costello, John. 2017. “Chinese Efforts in Quantum Information Science: Drivers,
Milestones, and Strategic Implications.” Testimony for the U.S.-China Economic and
Security Review Commission. March 16.
https://www.uscc.gov/sites/default/files/John%20Costello_Written%20Testimony_Final2
.pdf

5 Lin, Jeffery and P.W. Singer. 2017. “China is opening a new quantum research
supercenter.” Popular Science. October 10. https://www.popsci.com/chinas-launches-
new-quantum-research-supercenter

7 Costello. Chinese Efforts.
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As one relevant example of this, in the mid-1990s, the federal government funded a
competition for the development of the world’s highest performing supercomputers,
called the Advanced Simulation and Computing Program, or ASCI. The goal was to find
a way to test and maintain the nation’s critical nuclear stockpile. The U.S. Department of
Energy (DOE) defined a series of challenge problems to help American industry design
the world’s leading supercomputers. These powerful machines were built by a
consortium of vendors including IBM. Not only was it successful in meeting its
objectives, ASCI also went on to define U.S. leadership in the field of supercomputing
for years to come. The federal government should consider a similar program for
quantum computing.

We support and commend the DOE’s Office of Science program to create quantum
computing testbeds. This effort should be significantly expanded to ensure that we're
putting the most advanced quantum computers in the hands of U.S. research scientists
and early industry adopters. This should include early stage commercial quantum
computers from a variety of industry partners, not just IBM. In this way, we can ensure
the exploration of various underlying quantum technologies.

We also need to do a lot more to build a generation of quantum information scientists to
carry this technology forward. As one possibility, the federal government should look to
fund the establishment of quantum centers at universities where students are

introduced to quantum computing, see state-of-the-art technology, and work with
industry. It could do the same within national laboratories to aid the commercialization of
the technology. Government at the federal and state levels should work with industry
and academia to create regional centers of excellence for quantum computing, along
with topical centers of excellence for quantum-based solutions in areas such as
computational chemistry and optimization.

Conclusion

We live in an age of astonishing progress in digital technologies. So it’s surprising to
many to hear that our intuition about what we can compute is often wrong. We tend to
think classical computers can solve any problem if they are just big or fast enough. But
that is not the case. There is a whole class of exponential problems that classical
computers are not good at, and never will be. Quantum computing will enable us to
overcome many of these intractable challenges and unleash untold economic benefits
for society, if we seize this opportunity now.

I'm confident that we can and we will. America’s track record in promoting historic
scientific discovery is unmatched. It enabled us to establish the field of quantum
information science and has led us to the doorstep of a new era of computing. With
quantum technology about to assume a huge strategic importance, now is not the time
to slow down. There is too much at stake to allow this country to fall behind. Our nation
stands to benefit from quantum computers in ways we can’t even imagine right now.
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The federal government should do everything in its power to ensure that we continue to
lead the way towards a quantum future.
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Chairwoman COMSTOCK. I now recognize Dr. Monroe for five
minutes.

TESTIMONY OF DR. CHRISTOPHER MONROE,
DISTINGUISHED UNIVERSITY PROFESSOR &
BICE ZORN PROFESSOR,
DEPARTMENT OF PHYSICS,
UNIVERSITY OF MARYLAND:;
FOUNDER AND CHIEF SCIENTIST, IONQ, INC.

Dr. MONROE. Thank you, Madam Chairwoman, and the rest of
the Committee for the opportunity to be here today to testify.

As a quantum physicist and professor at the University of Mary-
land and a co-founder and chief scientist at a small company, I
have over two decades of experience in the field of quantum tech-
nology from both the academic and industrial viewpoints.

I'm testifying here today on behalf of the National Photonics Ini-
tiative which is a collaborative alliance among industry, academic,
and government institutes established in 2013 to raise awareness
of photonics, that is, the study and application of light at its quan-
tum level, also to coordinate U.S. industry, government, and aca-
demia to advance photonics-driven fields critical to maintaining
U.S. economic competitiveness and national security.

We have outlined a proposed National Quantum Initiative as
part of the National Photonics Initiative which will provide infra-
structure for the next generation sensors, networks, and quantum
coanputers all based on this quantum technology we’ve heard about
today.

From previous witnesses this morning, we learn that quantum
devices follow radical rules. These are new rules with which to
compute and process information. For instance, with merely 100
atoms, which is a very tiny amount of material, we can store more
information than is on all of the memory in the world and in all
the hard drives in all the computers. I bring this up because with
these radical rules come radical types of hardware to do this, and
the real trick in developing quantum hardware is to isolate it from
the environment, and prevent it from being measured until we
want to measure it at the end of the game. And photons, since I'm
representing the National Photonics Initiative, are the medium
that will be used for communication of quantum information be-
cause light can travel large distances without interacting with its
environment. It’s not hard to do that through fiber networks and
so forth. A lot of the infrastructure, that exists now can be used
for quantum communication.

But there’s equally radical hardware for quantum memory; for
instance individual atoms, not just atoms as part of a big system
but individual atoms, one at a time, that are levitated in free space
in a vacuum chamber. They may be cold. They may be at room
temperature. There’s all kinds of other hardware. I bring this up
because with this exotic hardware, there’s a particular problem in
the field now both at academic institutes and in industry and that
is at universities, we don’t build things. We don’t do engineering.
You don’t see an airline being built at a university. On the other
hand, industry doesn’t have the industrial engineering background.



102

They’re vastly growing as we heard from my colleague, Dr.
Crowder from IBM, and other industry players are making a big
play in this field. But the big challenge is I can hark back to the
days when classical computers in the ’50s and ’60s transitioned
from vacuum tubes to silicon. The early silicon transistor was a big
beast, and miniaturizing it took the task of a new generation of en-
gineers. They weren’t the vacuum tube engineers that did this. And
so we’re in a sense missing that critical link between research and
development.

We propose the National Quantum Initiative to establish several
innovation laboratories that will indeed build devices. These would
be public-private institutes that take advantage of the best of both
worlds, having embedded industrial researchers with young stu-
dents, maybe in computer science, who don’t know so much physics
and they want to get in this game. The National Quantum Initia-
tive will be essential for the U.S. to maintain leadership in this
field, now and into the future. We’ve heard lots of testimony of our
competition abroad. I sit on advisory boards in Europe, Canada,
also in China, and indeed, their coordination is alarming. We've
heard multi-billion dollar estimates in China, both at the conglom-
erate Alibaba and also the government to build quantum centers.

A National Quantum Initiative we feel is critical to move quan-
tum technology from its current research status to real-world appli-
cations. Such investment would create the infrastructure, both
physical and human capital needed to propel the U.S. into a leader-
ship position in quantum technology. This would create vast oppor-
tunities for workforce creation in this field, economic growth in en-
ergy, medicine, and security.

I again thank the committee and its leadership for the oppor-
tunity to testify today. On behalf of myself and the National
Photonics Initiative. I look forward to answering your questions
and working with you and the committee to establish a National
Quantum Initiative. Thank you.

[The prepared statement of Dr. Monroe follows:]
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STATEMENT TO THE
SUBCOMMITTEE ON RESEARCH AND TECHNOLOGY
SUBCOMMITTEE ON ENERGY
COMMITTEE ON SCIENCE, SPACE AND TECHNOLOGY OF THE
UNITED STATES HOUSE OF REPRESENTATIVES
Hearing on
American Leadership in Quantum Technology
October 24, 2017
Christopher Monroe, PhD
on behalf of the National Photonics Initiative

Thank you for the opportunity to testify, Mr. Chairman. | am honored to be
here before you and the Committee to offer testimony on American Leader-
ship in Quantum Technology. For your background, | am a quantum physi-
cist and Professor at the University of Maryland, a fellow of the Joint Quan-
tum Institute between the University of Maryland and the National Institute
of Standards and Technology (NIST), and the chief scientist and co-
founder of lonQ, inc., with over two decades specializing in the field of
quantum information science.

| am testifying today on behalf of the National Photonics Initiative, a collab-
orative alliance among industry, academia and government formed in 2013,
by top scientific societies including the Optical Society, SPIE — the interna-
tional society for optics and photonics — the IEEE Photonics Society, the
Laser Institute of America and the American Physical Society. The mission
of the National Photonics Initiative is to raise awareness of photonics — the
science and application of light — and the impact of photonics on our every-
day lives; increase cooperation and coordination among US industry, gov-
ermnment and academia to advance photonics-driven fields such as quan-
tum computing; and, drive US investment in areas of photonics critical to
maintaining US economic competitiveness and national security.

Photonic devices, involving light or microwave fields, play essential roles in
nearly all aspects of quantum information science. It is within that context
and a desire to drive US competitiveness and national security that | am of-
fering testimony on quantum computing and the need for our nation to cre-
ate and support a National Quantum Initiative (NQI).
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About Quantum Information Science

Exponential growth in the power of information technology — Moore's Law —
has catalyzed US productivity and economic growth over the last 50 years.
But, like much of our nation’s aging infrastructure, this growth is now end-
ing as scientific breakthroughs from the 1950s and 1960s reach their tech-
nological limits. This jeopardizes the safety and security of the American
people and threatens what has been the backbone of US economic growth
over the past several decades.

The demise of Moore’s Law has mobilized the science and industry com-
munities to search for fundamentally new approaches to information pro-
cessing. Quantum fechnologies, based on fundamental particles of nature
such as individual atoms and photons, are natural targets for innovation, as
they hold great promise to become the computers, networks and sensors of
tomorrow. Quantum information science is based on exploiting subtie as-
pects of quantum physics, such as “quantum superposition” and “entangle-
ment” for valuable, real-world technologies. These technologies can handle
computationally complex problems, provide communication security and
enhance navigation, imaging and other sensing technologies in ways that
are impossible using conventional hardware.

Quantum information science leverages the radical ability of quantum sys-
tems to store and process multiple pieces of information simultaneously in
individual computing elements. For example, in a quantum computer,
merely 300 atoms under full quantum control could store in a state of “su-
perposition” more numbers than there are atoms in the universe. Quantum
teleportation allows quantum information to flow securely between distant
parties without occupying the space in-between. New applications and al-
gorithms that exploit quantum capabilities are continually emerging, from
code breaking, quantum cryptography and database searches to machine-
learning algorithms and quantum simulations of biochemical processes and
material properties. As quantum information science is developed in the fu-
ture, the list of applications will continue to grow.

Nearly all implementations of quantum computers will use photonics in a
key role for their operations. A quantum Internet will communicate data be-
tween quantum computers using pulses of light traveling on optical fibers.
Quantum photonics is already used to operate the most accurate clocks on
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Earth and the most sensitive probes for biomedical use and geo-explora-
tion.

Efforts to Advance Quantum Information Science Domestically and
Globally

Because of the great promise quantum information science holds for next-
generation computing and processing, there are several independent fed-
eral and industry efforts underway to advance the research and technology.
For example, widespread national interest in quantum information science
also coincides with a new perspective on quantum sensors and quantum
computing from the Department of Energy (DOE) and recent initiatives
launched by the National Science Foundation (NSF) and the National Insti-
tute of Standards and Technology (NIST).

At the same time, publicly funded efforts in quantum information science
are now complemented by growing industrial interest in quantum infor-
mation technology, including efforts at Google, Honeywell, Hughes Re-
search, IBM, Intel, Microsoft and Northrop-Grumman. Several startup com-
panies, funded by venture capital and other equity sources, have risen near
universities and laboratories throughout the country.

Perhaps most importantly, the United States is not alone in pursuing quan-
tum research and technology development. In contrast to the decentralized
funding structure of quantum information science in the United States, Eu-
ropean entities have recently established large, focused, academic/indus-
trial thrusts including the UK Quantum Hub Network ($400 million/five
years), the Netherlands QuTech Initiative ($150 million/10 years) and the
European Union (EU) Flagship Quantum Program ($1.3 billion/10 years).
Outside of Europe, China is aggressive in its commitment to quantum; the
country recently launched a satellite devoted to quantum communication
protocols, and there is report of a $10 billion investment into a quantum la-
boratory in Hefei, China. Major initiatives are also underway in Australia
and Canada.

This explosion of activity worldwide should be a call for action in the United
States. To ensure competitiveness and national security in the field of
quantum information science, the United States should dedicate resources
to coordinating existing federal and private programs, and filling in critical
gaps. Especially important are those gaps that exist between academic and

3
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government laboratories that lack systems engineering and product devel-
opment expertise, and within the private industry, which lacks a trained
guantum engineering workforce.

A National Quantum Initiative

A National Quantum Initiative (NQI) will address one of the Grand Chal-
lenges of the 21st century — harnessing quantum as a fundamentally new
technology to serve national needs in information infrastructure, chemical
and biomedical research and development (R&D), cybersecurity and de-
fense capabilities. As quantum information sciences have the potential to
touch nearly all areas of science and technology, its development and im-
plementation through the NQI will naturally engage all STEM fields.

Quantum research has conventionally been led by academic institutes and
government laboratories. Examples of successful demonstrations of quan-
tum hardware include sensors for gravity and for electromagnetic fields with
quantum-limited sensitivity; small quantum networks for the point-to-point
sharing of information with guaranteed security; and small quantum proces-
sors comprised of 10 to 20 quantum bits. However, the transition from
quantum research to usable quantum technology in the marketplace is im-
peded by several challenges:

¢ The mismatch between the quantum research community, which
does not engineer or manufacture products, and the industrial engi-
neering community, which does not have a sizable workforce with
training in the quantum sciences.

o The disparity between small-company innovators and their yet-to-be
developed marketplaces.

* An ecosystem of conventional technologies to support quantum de-
vices that has not been developed because quantum technologies
are not yet used in high-volume applications.

+ Conventional device manufacturers typically do not have the exper-
tise to develop products targeted at quantum systems.

A catalyst is urgently needed to bootstrap the quantum economy, much like
early investments by government sparked the development and growth of
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the Internet. The overarching goal of the NQI is to remedy these gaps in
capabilities and marketplaces in order to hasten the development and de-
ployment of quantum information technology, while propelling the United
States into a continued leadership role in this vital field.

It is envisioned that the NQI will concentrate on three pillars of quantum
technology:

1. Quantum-enhanced sensors. Advanced electronic and photonic sen-
sors will be developed and deployed that reach fundamental quantum
noise levels of sensitivity and, in some cases, use tailored quantum
states of light and matter to reach below these noise floors or enable
distributed sensors across space. Examples include the detection of
gravitational forces for remote sensing and imaging of subsurface
material composition (caves, minerals, underground infrastructure),
the sensing of proximal magnetic fields in biomedical imaging, abso-
lute navigation in GPS-deprived environments and networks of porta-
ble atomic clocks for navigation and communication.

2. Optical photonic quantum communication networks. Similar to its use
in the fiber-optics-based Internet that spans the world, light is ideal for
the communication of quantum information over distance. Photonic
quantum channels between spatially separated systems can exploit
the laws of quantum physics to ensure information security or distrib-
ute information in new ways for communication protocols that are im-
possible using non-quantum approaches. Examples include the es-
tablishment of a fiber-optic network of quantum entangled nodes for
communication including remote, secure access to centralized quan-
tum computers, remote imaging, and multiparty quantum communica-
tion to optimize decision-making protocols.

3. Quantum computers. In a quantum computer, information is stored as
quantum bits, which can represent and process information in an ex-
ponentially large space of possible states. This ability holds great
promise for solving problems intractable for conventional computers.
Apart from widely known quantum algorithms such as factoring large
numbers into primes for use in message decryption, quantum algo-
rithms promise to speed the search of unstructured databases or opti-
mize complex functions for applications from logistics to machine
learning and pattern recognition for autonomous navigation. Quantum

5
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computers can also be applied to simulate the complex functionality
of novel materials, biomolecular processes or complex economic
models. One example is minimizing economic cost functions that de-
pend on a complex maze of interacting forces, such as a marketplace
that may involve a nearly uncountable number of factors.

About Quantum Innovation Labs

Under the NQI, several Quantum Innovation Labs will need to be estab-
lished, each created o address aspects of a particular technology and its
potential applications. Quantum Innovation Labs will attack the hardest
challenges in quantum technology, to help bring the new capabilities to the
marketplace. Crucially, they will also train a new generation of quantum en-
gineers armed with the foundation of quantum mechanics combined with
computer science, while embedding industrial engineers in government and
academic laboratory settings.

The physical basis of quantum information science assumes several forms
involving fundamental entities such as photons, atoms, atomic-scale impu-
rities in solids or superconducting circuits. Each of these platforms has cer-
tain advantages that are suitable for particular applications and, as a result,
a successful national portfolio will involve several concurrent approaches.
Each platform will require the advanced engineering of very specific fabri-
cation and operation procedures, such as the fabrication of optical wave-
guide circuits on a chip, superconducting circuit integration, ultra-high vac-
uum environments and ultra-low temperature devices.

As envisioned, the Quantum Innovation Labs will serve as a collaborative
space shared by academic, government and industrial researchers to cre-
ate complete systems — quantum “testbeds” — consisting of hardware and
software aimed at practical applications. The Labs will be encouraged to in-
tegrate sensor, communication and computing technologies, where appro-
priate. Each Quantum Innovation Lab will include an educational compo-
nent, closely integrated with the development and innovation activities, to
train the next generation of quantum engineers. This may include the es-
tablishment of Quantum Engineering degrees granted from partner univer-
sities.
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For the NQI to succeed, Quantum Innovation Labs will need be located
proximal to, but not necessarily embedded in, existing government labora-
tories, universities and other appropriate facilities. Labs will support efforts
at specific sites or may be distributed across collaborating teams at differ-
ent locations. The number of Quantum Innovation Labs should ideally be
four, as deployable quantum technology is now sufficiently defined so that
the Labs can specialize in certain physical platforms and goals. Distinct
labs may specialize in superconducting circuit quantum computing;
trapped-ion quantum computing; silicon-based quantum computing; and,
integration between platforms using optical interfaces and interconnects,
among other capabilities.

Government and Industry Collaboration

It is envisioned that the NQI will be administered by an inter-agency quan-
tum working group, with funding directly flowing through the federal science
agencies such as DOE and NSF, as well as NIST. The Labs should be
semi-autonomous (within federal oversight constraints) to enable a flexible
and innovative mode of operation. High interest in quantum technologies
has also been shown by Department of Defense (DOD) agencies and la-
boratories including Defense Advanced Research Projects Agency
(DARPA) and the US intelligence community, including the Intelligence Ad-
vanced Research Projects Activity (IARPA), National Security Agency
(NSA) and the National Reconnaissance Office (NRO). These should also
act as partners and advisors of the NQI.

Industrial participation in the Quantum Innovation Labs is a critical compo-
nent of the NQI, and this requires special consideration in three key areas:

1. Embedded industry engineers. Industry engineers will be embedded
in the Labs and funded by their home companies or through the NQI.
This will provide industry players in quantum information technology
the opportunity to work alongside experts in a variety of quantum plat-
forms, while exposing the Labs to systems engineering approaches
to product development. Additionally, industry participants will be ex-
posed to a trained potential workforce of academic and government
NQI researchers and students. It is expected that industry staff would
rotate in the Labs for various terms and return to their industry set-
tings armed with new expertise that can be transferred to others.
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These scientists and engineers may also spend time at participating
universities for studies toward new degrees in Quantum Engineering.

2. Direct funding of industry quantum efforts. Industry groups developing
qguantum hardware that relates to Quantum Innovation Lab efforts
could be funded directly from agencies in close coordination with the
Labs themselves, perhaps through targeted Small Business Innova-
tion Research (SBIR) or Small Business Technology Transfer (STTR)
grants. Such an arrangement may be preferable for certain technolo-
gies that require extensive existing infrastructure or involve proprie-
tary processes. Such funding will also assist in bootstrapping compa-
nies as they develop marketplaces for new products. Labs will pro-
vide bridge funding for accelerated commercialization of the most ma-
ture quantum technologies as well as interface with conventional IT,
biomedical, military markets and private equity communities.

3. Intellectual property (IP). The Quantum Innovation Labs are expected
to be fruitful incubators of US intellectual property in quantum tech-
nology. IP-sharing and nondisclosure agreements will be negotiated
so that industrial players need not expose existing internal IP portfo-
lios. IP created at the Labs themselves will be shared between all en-
tities (including multiple industrial players) while respecting the inven-
tors. In cases where [P generated at the Quantum Innovation Labs in-
volves fundamental quantum device characteristics or functionality,
IP-sharing arrangements would be crafted to benefit all industrial
players. For higher-level IP that deals with applications for particular
markets or pertains directly to products, care will be taken to ensure
that each industrial player is able to leverage its activity in the Labs in
order to pursue its own 1P outside the NQL.

Recommended Funding and Timeline

The proposed federal budget for the NQI over its first five-year period
(Phase 1) is $500 million, which will fund each of the four Quantum Innova-
tion Labs at $25 to $35 million per year plus support for companies and ac-
ademic institutions that will collaborate directly with Lab efforts. Proposals
for developing a Quantum Innovation Lab will be evaluated by the inter-
agency quantum working group, using an external review process orga-
nized jointly through the relevant federal science agencies. In the early
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stages, these funds will establish the Quantum Innovation Lab administra-
tive structures, facilities infrastructure (e.g. advanced laboratories, materi-
als fabrication facilities, low-noise controlled environments) and equipment
(e.g. electronic instrumentation and high-performance computers). In the
later stages, the NQI funds will be primarily devoted to Laboratory staff,
embedded industry and other personnel, and possible private funding from
outside groups collaborating on the use and testing of the developed tech-
nology.

After Phase I, the NQI will have shown significant progress in the perfor-
mance of quantum sensors, quantum communication systems and quan-
tum computers as described above, with clear demonstrations of deploya-
ble systems that can be used by others or, in some cases, evolve into com-
mercial products. Embedded personnel at Quantum Innovation Labs are
expected to return expertise to their academic, government or industrial
homes, with long-standing ties between these entities.

In Phase |l (years six and beyond), the NQI will be devoted to new scientific
and technological applications of hardware and software developed in the
Labs, while also pressing on new technological platforms that may arise. In
these ways, the NQI will play a crucial role in the engineering and deploy-
ment of quantum devices, as well as the training of a new quantum STEM
workforce that will propel quantum technology through the 21st century and
assure that the US leads the world in the future of quantum information
technology.

Conclusion

Now is a critical time for federal investment to initiate moving quantum
technology from its current research status to real-world applications. Such
investment will create the infrastructure — both physical and workforce —
needed to move the United States into a leadership position in quantum in-
formation technology, a technology that will create vast opportunities for
workforce creation, economic growth and betterment of society across ar-
eas as diverse as health outcomes and information security.

The National Photonics Initiative, and its consortium of leaders from indus-
try and academia with knowledge in information technology and quantum
science and technology, strongly recommends the United States establish
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a quantum information technology base that will lead {o new opportunities
in communication, sensing and computing; develop a marketplace for com-
panies — small and large — to sell new products based on quantum infor-
mation science; and, build the much-needed quantum workforce to grow
this new industry.

| thank you, Mr. Chairman and members of the Committee, for the oppor-
tunity to speak on quantum computing and the need for a nationally fo-
cused effort to advance quantum information science in the United States.
With extensive reach into the science R&D community, | and the National
Photonics Initiative stand ready to work with the government as it considers
the recommendations put forth in this testimony.

10
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tum Institute, Chief Scientist at lonQ, Inc.), on behalf of the National Photonics Initiative

The astounding progression of computing power over the last 50 years and its
critical impact on the economy will not continue in its current mode. The exponential
growth and power of information technology (commonly referred as “Moore’s Law”) will
soon end as devices approach their technological limits. Quantum computing offers a
promising new mode of computing that processes superpositions of inputs, effectively
performing massively parallel computing for tasks that are impossible on any conven-
tional computer. Quantum computers can break codes, teleport information between
distant parties, search and optimize over large data sets for fast pattern-recognition and
efficient logistics, and simulate bio-chemical and other substances for designing useful
materials for drug delivery or energy conversion. As quantum computers are developed
in the future, the list of applications will continue to grow, especially in the cybersecurity
area, and quantum technology will have a significant impact on the US economy.

The radical principles of a quantum computer require equally radical technology
that has been developed at US university and government laboratories over the last two
decades. Good quantum memory is best stored in material systems that have quantum
properties, such as individual atoms, simple superconducting circuit loops, or atomic-
like defect sites in solid materials. Quantum memory must also be coupled in order to
form more complex superpositions and be scaled to solve interesting problems. Such
quantum communication between qubit memory will fikely involve individual photons.

Many industry groups (including Google, IBM, Intel, and Microsoft) have begun
investing in quantum teams and approaches to building quantum computers. However,
there is a significant workforce gap between research and fabrication: university labora-
tories conduct much of the research in this area, but are not equipped to build usable
devices, while industrial players do not typically have the expertise in quantum systems
to apply engineering skills.

We propose a National Quantum Initiative (NQI) that will support four Quantum
Innovation Laboratories to help translate university personnel and quantum device
know-how to industrial settings where quantum computers will be tested and manufac-
tured. The new Quantum innovation Labs will embed industrial engineers with academic
and government researchers in order to lower the barrier to the production of useful
quantum technology. The NQI will train a new generation of scientific and technology
leaders in this vital field, while educating the workforce in related STEM fields.

Other countries have begun aggressive programs to accelerate quantum technol-
ogy development, particularly the European Union. China, for example, recently
launched a satellite for secure quantum communication and invested $10 billion in a
public-private quantum laboratory. The NQI is critical for the US to stay at the forefront
of quantum technology, not only to lead the future of computing, but also to develop
new security protocols and contribute to a growing economy.
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Christopher Monroe: Biosketch

Christopher Monroe was born and raised outside of Detroit, Ml, and graduated from MIT in
1987. He received his PhD in Physics at the University of Colorado, Boulder, studying with Carl
Wieman and Eric Cornell. His work paved the way toward the achievement of Bose-Einstein
condensation in 1995 and the Nobel Prize in Physics for Wieman and Cornell in 2001. From
1992-2000 he was a postdoc then staff physicist at the National Institute of Standards and
Technology (NIST) in the group of David Wineland, leading the team that demonstrated the first
quantum logic gate in any physical system. Based on this work, Wineland was awarded the
Nobel Prize in Physics in 2012. In 2000, Monroe became Professor of Physics and Electrical
Engineering at the University of Michigan, where he pioneered the use of single photons as a
quantum conduit between isolated atoms and demonstrated the first atom trap integrated on a
semiconductor chip. From 2006-2007 was the Director of the National Science Foundation
Ultrafast Optics Center at the University of Michigan.

In 2007 he became the Bice Zorn Professor of Physics at the University of Maryland (UMD) and
a Fellow of the Joint Quantum Institute between UMD, NIST, and NSA. He is also a Fellow of the
Center for Quantum Information and Computer Science at UMD, NIST, and NSA. His Maryland
team was the first to teleport quantum information between matter separated by a large
distance; they pioneered the use of ultrafast optical techniques for controlling atomic qubits
and for quantum simulations of magnetism; and most recently demonstrated the first
programmable and reconfigurable quantum computer.

in 2015, Monroe and Jungsang Kim co-founded fonQ, Inc., a startup company that is fabricating
atom-based quantum computer modules with a full software stack and user interface to be
accessed via the internet cloud. The company is funded at a level of $22 million primarily
through Venture Capital investor groups NEA and GV.

in the last 20 years, Monroe has given over 350 seminars or public lectures and has trained over
100 research scientists, postdoctoral researchers, graduate and undergraduates. He has 160
refereed papers to his name with over 30,000 citations, 5 patents, and his work has been
covered repeatedly by media outlets from NPR to the Wall Street Journal. Since 1995, his
research has been funded at a level of over $40 million from US Federal Agencies such as DoD,
DARPA, IARPA, and NSF. He regularly consults for the US Government, foreign science
agencies, and private industry on the topic of quantum science and technology. He sits on the
advisory boards of the Institute for Quantum Computing (Canada), the Networked Quantum
Information Technologies Hub (United Kingdom), and the Center for Quantum Information
(Beijing, China).

Monroe received the Presidential Early Career Award for Scientists and Engineers (1997), the
International Award for Quantum Communications (2000}, the 1.1. Rabi Prize (2001), and the
Arthur Schawlow Prize {2015). In 2015, Monroe was named Distinguished Professor at the
University of Maryland, and in 2016 he was elected to the National Academy of Sciences.
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Chairwoman COMSTOCK. Thank you. I now recognize Dr. Guha.

TESTIMONY OF DR. SUPRATIK GUHA, DIRECTOR,
NANOSCIENCE AND TECHNOLOGY DIVISION,
ARGONNE NATIONAL LABORATORY;
PROFESSOR, INSTITUTE FOR MOLECULAR ENGINEERING,
UNIVERSITY OF CHICAGO

Dr. GUHA. Thank you. Chairman Weber, Chairwoman Comstock,
Ranking Member Veasey and Ranking Member Lipinski, and Mem-
bers of the Subcommittees, thank you for the opportunity to appear
before you today to discuss the status and future of quantum tech-
nologies, as seen from the perspective of the U.S. Department of
Energy National Laboratories. I am Supratik Guha, Director of the
Center for Nanoscale Materials facility supported by Basic Energy
Sciences at the Argonne National Laboratory.

The cost of computing has decreased by about ten orders of mag-
nitude in the past 60 years, due to Moore’s Law scaling. Yet, the
basic architecture of the computer has remained essentially the
same. Recent developments in quantum science promise a new
computing architecture dramatically different from anything that
we have used before. Quantum computing today is in its early
stages. This technology will not replace conventional computing
machines, but it will offer unprecedented speed and efficiency ad-
vantages over conventional computing in three very important
areas. These are in cryptography, complex data analytics, and com-
putational quantum chemistry. Advances in the latter would
change the way we invent new materials. If the history of com-
puters is any indication, there will likely be many more applica-
tions in future.

Subtle effects in quantum mechanics enable a quantum computer
to probe information space simultaneously rather than sequen-
tially, resulting in its vast superiority over classical computing.
U.S. companies have recently built small quantum processors con-
taining a few tenths of quantum bits, the unit devices within a
quantum computer, but today’s state of the art is a long way from
where we wish to go. Quantum bits are prone to errors. At today’s
level of perfection, we need quantum processors containing tens of
thousands to a million quantum bits. Advances are required in de-
vices in architectures, and this will only be as good as the mate-
rials upon which these are based.

The history of electronics has shown us that there comes a time
when massive scale fundamental materials research is needed to
propel forward initial demonstrations. This was the case, for in-
stance, with silicon microelectronics, which gave us computing and
the Internet. The time for that materials ramp-up has arrived for
quantum technology. There is not enough basic materials research
going on today to support the growth that is required.

The needs are numerous. For instance, we need new materials
for high-quality quantum bits that can operate at room tempera-
ture for quantum memory and for quantum channels that can con-
nect quantum chips.

Think of a fully integrated quantum processor as a number of ar-
tificial atoms coupled together that compute and store information.
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New materials hold the key to the ultimate development of these
components.

With the increasingly complex nature of today’s materials re-
search, corporate entities are unable to carry out this basic science
work like they used to. The task, however, plays into the strengths
of the Office of Basic Energy Sciences within the U.S. Department
of Energy and the Department of Energy National Laboratories.
The Office of Basic Energy Sciences has prioritized investments in
quantum materials. The National Laboratories offer unmatched ca-
pabilities, large-scale material synthesis, characterization, nanofab-
rication, and computational materials discovery all integrated
under one roof. Their large user facilities, the Nanoscience Re-
search Centers, light sources and the leadership computing facili-
ties, tether university-based ecosystems around them. The National
Labs and their user facilities are well-positioned to be major play-
ers in the future of quantum research.

We need to develop an educated workforce that is able to engage
in quantum mechanics as engineers. Universities nationwide have
begun responding to this. As an example, the University of Chicago
has launched one of the first Ph.D. programs in quantum engineer-
ing. It has also created the Chicago Quantum Exchange, a research
and educational collaboratory with Argonne and Fermi National
Laboratories.

Quantum computing is a long game but one that we cannot af-
ford to ignore. Thank you for your time and attention. I would be
happy to respond to any questions that you might have.

[The prepared statement of Dr. Guha follows:]
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Chairman Weber, Chairwoman Comstock, Ranking Member Veasey and Ranking
Member Lipinski, and members of the subcommittees, thank you for the
opportunity to appear before you today to discuss the status and future of quantum
technologies, as seen from the perspective of the U.S. Department of Energy National
Laboratories. I am Supratik Guha, Director of the Center for Nanoscale Materials
facility supported by Basic Energy Sciences at the Argonne National Laboratory
located in Lemont, lllinois. I am also a professor at the Institute for Molecular
Engineering at the University of Chicago. Prior to joining Argonne and the
University of Chicago in 2015, I spent twenty years at IBM: initially as a research
staff member and then, between 2010 and 2015, as Director of Physical Sciences at
IBM Research. During this time, IBM’s quantum computing group reported to me
and I played a key managerial and strategic role in its rapid growth. I am a materials
scientist by training, and throughout my career | have specialized in taking

demonstrations in exploratory science and converting them into technologies.

The cost of computing has decreased by about 10 orders of magnitude in the past 60
years, driven primarily by the Moore’s Law scaling of microelectronics chips. Yet,
the basic architecture of the computer—called the von Neumann architecture—has
remained essentially the same. Recent developments in quantum information
science raise the prospects of a new, rapidly emerging computing architecture.

Quantum computing today is in its early stages. This technology will not replace



118

conventional computing machines, but it offers unprecedented speed and efficiency
advantages over conventional computing in three very important areas. The first of
these is in cryptography—a quantum computer with its orders of magnitude
advantage in speed would easily decrypt today’s security codes. The second area is
that of computational quantum chemistry and physics. For instance, a powerful
quantum computer would be able to exactly solve the electronic structure of large
molecules: this is unsolvable today using classical éomputers. We would be able to
predict and invent new materials much quicker and cheaply instead of relying upon
trial and error experimentation, as we do today. The consequences for basic science
and industry in areas such as drug discovery, as just one example, are enormous.
The third area is in complex data analytics, say, in large-scale traffic congestion
routing problems. A quantum computer will possess a significant speed advantage
in solving such challenges. These are three areas of application that we know of
today; if the history of computers is any indication, then there will likely be many

more in future.

Quantum computing is related to two other important and emerging fields—
quantum communications, which enables secure information transfer over long
distances; and quantum sensing, the ability to make physical measurements that are
more accurate than those achievable by classical techniques. Quantum computing,
quantum communications, and quantum sensing—referred together as “quantum
information science” —depend upon “quantum entanglement”, a subtle effect in
quantum mechanics that can have profound end consequences. When two quantum
devices are entangled, knowledge about the state of one increases our knowledge of
the state of the other, no matter the physical distance between them. Itis this
property of entanglement that enables a quantum computer to probe information
space rapfidly, and simultaneously rather than sequentially, resulting in vast
superiority over classical computing for some classes of problems. Quantum
computing and quantum information can be enabling technologies with a
crosscutting impact across a wide swath of our lives from national security, to drug

design, to data analytics.
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Quantum devices (called quantum bits) are the unit devices of a quantum
information system and are the equivalent of a switch in a classical computer.
Dramatic improvements in the quality of quantum bits over the past 10 years—
brought about by improvement in materials and better physics-based designs—
have enabled the building of small quantum processors containing few tens of
quantum bits. These quahtum bits are prone to errors and require error correction
algorithms to be applied. At today’s level of quantum bit perfection, it is believed
that a quantum processor containing tens of thousands to a million quantum bits
would be able to perform tasks of significance that could have clear advantages over
classical machines. An example would be the accurate computation of the electronic
structure of a large molecule containing hundreds of electrons involved in chemical
bonding. As quantum bits improve and better error correction schemes are
discovered, the processor will require fewer numbers of quantum bits in its
circuitry. Building quantum processors with tens of quantum bits is a landmark
demonstration that establishes feasibility. But today’s state-of-the-art is a long way
from where we wish to go. The challenge now lies in scaling this technology and
doing the fundamental science and engineering necessary for this. Advances will
require a combined effort in quantum devices and quantum architectures, and this

will, in turn, be only as good as the materials on which these are based.

If we look at the history of electronics, there comes a time in the trajectory of
technology development when massive scale materials research is needed to propel
forward feasibility demonstrations driven by physicists and electrical engineers.
This was true with silicon microelectronics, which has given us computing and the
Internet. This was also true for compound semiconductor technology, which has
given us solid-state lighting and telecommunications. The time for that materials
ramp up has arrived for quantum technology. This will be materials science
research of a fundamental nature that will inform the effort in devices and

architectures that is also needed.
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The fundamental materials research needs are numerous. To build their quantum
processors a few major US technology companies have used quantum bits that
operate at temperatures close to absolute zero —a showstopper for ubiquitous
deployment. Opportunities exist for new types of quantum bits, particularly
semiconductor quantum bits, which could operate at room temperatures and be
scalable using the tools of conventional chip processing. There is a need for
quantum channels that can connect different quantum chips together, and needs for
new materials for quantum memory so that information can be processed entirely
within the quantum space, thereby eliminating bottlenecks. One can think of a fully
integrated quantum processor as a number of artificial atoms coupled together that
compute and store information. It is important to re-emphasize that this is new
territory for materials science and will require a deep scientific understanding of
quantum effects and the creation and manipulation of individual quanta of
information within materials. New materials hold the key to the ultimate
development of mature quantum technologies, just as they have for other
information technologies. Quantum computing is a long game, but one that we

cannot afford to ignore. It will open up new horizons in information processing.

Fifty years ago, the large industrial research and development laboratories
conducted a significant portion of the discovery science and underlying fundamental
materials research that led to many of the technologies that we enjoy today, such as
the Internet and the mobile phone. With changing business models and the
increasingly complex nature of today’s materials research, corporate entities are
unable to perform this role today. The task does however play into the strengths of
the Office of Basic Energy Sciences within the U.S. Department of Energy (DOE) and
the DOE National Laboratories. These laboratories, offering unmatched capabilities
in large-scale synthesis, nanofabrication, massive parallel characterization, and
computational materials discovery under one roof, enable an integrated, focused
effort. Further, their large user facilities—the Nanoscience Research Centers
(NSRCs), light sources and the leadership computing facilities—anchor university-

based ecosystems around them. The five highly successful NSRCs distributed across
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the nation, authorized and appropriated for funding by Congress a decade ago as
part of the National Nanotechnology initiative, are well positioned to actas a
springboard for a new National Quantum Materials initiative, partnered with
academia and informed by the needs of the industry. One can argue that the
emergence of quantum information sciences is a direct consequence of the National
Nanotechnology Initiative and a Quantum Materials Initiative could be a sequel to

this.

The United States continues to maintain leadership in quantum technologies, but
rapid research growth in China and Europe may threaten this position. China has
announced multi-billion dollar investments in quantum information research
targeted towards specific centers of excellence. European investment is more
spread out and totals between one to two billion dollars. China recently has made
impressive strides in the demonstration of satellite based secure quantum links

over twelve hundred kilometers—a tour de force engineering demonstration.

Future quantum technologies will demand a new type of educated workforce with
the multidisciplinary ability to engage in quantum mechanics as engineers.
Universities nationwide have begun responding to this. The University of Chicago
has launched one of the first Ph.D. programs in quantum engineering in the nation.
The Center for Quantum Exchange, announced by the University of Chicago in
partnership with the Argonne National Laboratory and the Fermi National
Accelerator Laboratory in Batavia, lllinois, will develop a new generation of
graduate students who will learn their skills in close collaboration with national

laboratory scientists and academics.

DOE and its laboratories are strengthening their presence in quantum materials and
information research. The laboratories possess the necessary skills across the
entire ecosystem: from algorithm and system architecture to the materials science
and physics. The Office of Basic Energy Sciences has prioritized investments in

quantum materials and the national laboratories recognize quantum information



122

science research as a strategic focus area. Unique equipment developed at Argonne
for research in nanomaterials, such as synchrotron based x-ray microscopy, is being
used to “see” exquisitely small distortions in crystals used for building quantum bits.
The “Quantum Factory,” a comprehensive experimental facility for the synthesis of
quantum materials with atomic layer precision has been set up at Argonne in joint

collaboration with The University of Chicago.

Thank you for your time and attention to this critically important topic. I would be

happy to respond to any questions that you might have,
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SUMMARY
Developments in quantum information science raise the prospects of a new, rapidly
emerging computing architecture,
A quantum computer probes information space rapidly and simultaneously, rather than
sequentially, with vast superiority over classical computing for some classes of problems
and potential impact on national security, drug design, data analytics, and more.
New materials hold the key to the ultimate development of mature quantum technologies.
The increasingly complex nature of materials research plays to the strengths of the U.S.
Department of Energy (DOE) and national laboratories, with:

o Capabilities in large scale synthesis, nanofabrication, massive parallel
characterization, and computational materials discovery all under one roof

o Five Nanoscience Research Centers distributed across the nation, positioned to act as
a springboard for a new National Quantum Materials initiative, partnered with
academia and informed by the needs of the industry

The United States continues to maintain leadership in quantum technologies but rapid
research growth in China and Europe may threaten this position.

Future quantum technologies will demand a new type of educated workforce with the
multidisciplinary ability to engage in quantum mechanics as engineers.

DOE laboratories are strengthening their presence in quantum materials.

o For example, unique equipment Argonne has developed for research in
nanomaterials, such as synchrotron based X-ray imaging, is being used to “see”
exquisitely small distortions in crystals used for building quantum bits.

o The Center for Quantum Exchange, announced by the University of Chicago in
partnership with Argonne and Fermi National Accelerator Laboratory, will develop a
new generation of students who will learn their skills in close collaboration with

national laboratory scientists and academics.
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Supratik Guha is the Director of the Nanoscience and Technology Division and the
Center for Nanoscale Materials at Argonne National Laboratory, and a Professor at the
Institute for Molecular Engineering at the University of Chicago.

Dr. Guha came to Argonne in 2015 after spending twenty years at IBM Research where
he served as the Director of Physical Sciences (2010-2015), responsible for IBM’s
worldwide strategy for research in the physical sciences. At IBM, Dr. Guha pioneered the
materials research that led to IBM’s high dielectric constant metal gate transistor, one of
the most significant developments in silicon microelectronics technology that enabled the
continuation of Moore’s Law. Between 2010 and 2015, he was also responsible for
significantly expanding the size and strategic initiatives of IBM’s quantum computing
group, which reported to him.

Dr. Guha is a member of the National Academy of Engineering and a Fellow of the
Materials Research Society, American Physical Society and the recipient of the 2015
Prize for Industrial Applications of Physics. He is one of only a few scientists who has
been a tenured professor, an executive at a major multinational company, and an
executive at a major national laboratory. He received his Ph.D. in materials science in
1991 from the University of Southern California, and a B.Tech in 1985 from the Indian
Institute of Technology. At the University of Chicago and Argonne, his interests are
focused on discovery science in the area of materials and systems for future information
processing, )
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Chairwoman COMSTOCK. I now recognize myself for five minutes
for questions. And let’s see. From the testimony given today in both
of our panels, we know more about what the United States is doing
to pursue quantum research and development, and we also know
that other nations are heavily investing in this, in particular the
United Kingdom, Netherlands, European Union, Australia, Can-
ada, and, of course, China.

What are the risks to our economy and national security if we
aren’t the leaders in this research, and in particular, in quantum
information science? For any of you.

Dr. MONROE. I might begin. Thank you for the question, Madam
Chairwoman. I think one of the risks I see at the university level
is students, foreign students. They come here, they want to stay
here. They want to be where the best is, and we have the best. The
U.S. is well-acknowledged as having the best higher education sys-
tem in the world. We don’t want those people leaving, frankly. I
think that is a security issue in the long run. It’s an economic
issue. These are highly trained and very smart people. We want
them here creating economic growth here in the U.S.

Chairwoman COMSTOCK. So stapling the green card to the degree
might be helpful. Okay. Others?

Dr. CROWDER. Yeah. I think there’s two levels of this. One is
building quantum systems in the U.S. So there’s just a nascent in-
dustry there, both as Chris and I are involved in building a system.
But there’s also having U.S. companies be early adopters in
leveraging it. So they as U.S. companies get the economic benefit
and competitive advantage of leveraging these technologies earlier.
And both of those things rely on skill development in this country,
fundamentally. If we don’t develop the skills, we will not be able
to execute on them.

Chairwoman CoMSTOCK. Okay. Dr. Guha?

Dr. GUHA. I think the point I would like to make to add to my
colleagues here is that, you know, we need to double up this set
of skills because there are, most likely, as yet unknown new indus-
tries that can be jumpstarted from the science that would come out
of this, in addition to, you know, to the benefits we would have in
leading areas of cryptography or materials design.

So it would be extremely important to be able to have strong
educational, fundamental scientific base in the quantum informa-
tion sciences in the U.S.

Chairwoman CoOMSTOCK. Okay. Thank you. And I did want to
take this opportunity now, since we have a staffer here, Sarah Jor-
genson. This is her last hearing because she’s moving to another
committee and leaving us. So, I did want to thank her for all of
her great work, and you got a really exciting, interesting hearing
for your last hearing. Thank you for your leadership on the com-
mittee, and we look forward to many great things from you.

I'll now yield to Mr. Lipinski.

Mr. LipINSKI. Thank you. I thank all the witnesses for their testi-
mony. In Dr. Monroe’s testimony, he presents the idea of estab-
lishing a new quantum engineering degree programs at univer-
sities as a component of the National Quantum Initiative. And Dr.
Guha, I know that the University of Chicago has already estab-
lished one of the first quantum engineering degree programs.
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So Dr. Guha, could you describe the program at UC? Is there any
advice you'd give to other universities interested in launching their
own programs such as this?

Dr. GUHA. Thank you. So, the Chicago Quantum Exchange was
formed very recently out of an organic need to connect industry,
university, and the National Laboratories together. We believe that
the future of education, particularly in the quantum information
sciences, lies in establishing multidisciplinarity and the ability to
connect academia and industry together in order to make progress
in an important area such as this.

So the Chicago Quantum Exchange has been formed by the Uni-
versity of Chicago, as I mentioned, along with Argonne National
Labs and Fermi Labs. Students will work with staff scientists in
the government labs as well as with academia. We have recently
received some funding from the National Science Foundation, along
with Harvard, in order to be able to have students, graduate stu-
dents have tandem advisors, one from industry, one from academia,
to push forward with this concept that we really need to start pull-
ing industry and academia and government labs together. This
really needs to happen if we want to be able to translate basic
science eventually into applicable technology.

Mr. LipPINSKI. In the degree program itself, is there anything that
you would—advice to give other universities interested in launch-
ing their own such programs that perhaps if they don’t have the
access to a National Lab like Argonne that UC has?

Dr. GuHA. I think that the access to the National Labs that UC
has is a huge advantage. We've seen that it helps us attract stu-
dents, for instance, because these labs have capabilities that are
unmatched at universities.

The other part that we focused for the Ph.D. program is, as I
mentioned, in pushing forward multidisciplinarity, connecting with
computer science. If you look at the faculty at the University of
Chicago involved in quantum information sciences, they come from
a variety of backgrounds, from physics. My own background is in
metallurgical engineering to computer science, nanosciences, nano-
technology, I've worked in these areas over the past decade, has
improved the interdisciplinarity of the field. But this takes it one
step further so the educational content, we try to reflect that.

Mr. LipiNskI. I know, Dr. Monroe, you’re proposing the National
Quantum Initiative. It includes the development in support of four
very well-funded quantum innovation labs. I think this is—is this
something similar to—do you see these as being similar to the Chi-
cago Quantum Exchange, that concept?

Dr. MONROE. I would say to back up a little bit. At my institute,
at the University of Maryland, we probably have the largest cadre
of academic and government researchers in quantum sciences in
one place, including NIST, LPS which is part of NSA, and the uni-
versity. We have a computer science center, a quantum science cen-
ter, and an engineering center is on the way.

But I applaud the efforts at Chicago which is obviously well-situ-
ated with Fermi and Argonne Labs in the back yard. And for this
National Quantum Initiative, I think we need to have a critical
mass of people from different disciplines. It’'s absolutely critical.
Whenever you use your iPhone, you don’t know or understand
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what’s inside, and that’s why it’s useful. We need people to pro-
gram the higher levels of these devices, and they will not be knowl-
edgeable about every little piece. You just can’t. I think I made an
analogy to the aircraft engineering. I don’t think there’s a single
person that understands every piece of an F-35. It’s too big and
complex. A large quantum computer is not as yet complex as that,
but it’s approaching that. When it gets big, it will be. And so we're
going to have to. It’s required that this field—and I think I'm echo-
ing everything all the witnesses are saying—that we have people
from a variety of fields, including engineering, computer science,
physics, all the physical sciences, chemistry, information theory,
mathematics.

Mr. LipINskI. Okay. Thank you. My time is up so I yield back.

Chairwoman COMSTOCK. I now recognize Mr. Lucas forfive min-
utes.

Mr. Lucas. Thank you, Madam Chairwoman. Dr. Crowder, in
your testimony you conclude that federal grants in support of core
quantum research and development are being eclipsed by other
governments. Can you expand on that for a moment?

Dr. CROWDER. Sure. I mean, the United States has put a lot of
investment into quantum information science. But if you just look
at the estimates that folks like McKenzie have done and just look
at the announcements recently by China and by other countries,
they are investing more heavily than we are.

I think it’s really important, again, from an industry perspective,
especially a multi-national company like IBM that has a view of
more than just the United States, that we continue to do the basic
research for two reasons, one, because of what my colleagues here
have stated in terms of just pushing the technology forward but
also really to build the skills that are going to be necessary for
commercialization. I mentioned it before. There are three types of
skills that we see gaps in. Some of them I would say, like FPGA
programming or more traditional skills, that maybe are mid-career
we can train people to go into.

But quantum information science requires pretty in-depth grad-
uate-level work, and if we do not continue to fund basic research
at the graduate and post-doctorate level in this country, we just
won’t have the skills.

Mr. Lucas. To continue with that line of thought, and whether
it’s specific areas of research that are being outpaced in or areas
where we should be engaged, that would be vital to our dominance,
at the pace we’re at right now, looking at what the rest of the
world is doing based on the information available to you, at what
point do we get behind the curve that we can’t catch up if we don’t
make those investments? Because certainly there comes a point. If
you get far enough out, ahead of the rest of the world, then you
can’t catch up.

Dr. CROWDER. Yeah, as other people have said, I do think we’re
at a couple inflection points here. We're at the stage now where
quantum computing is becoming real. I mean, we put a real quan-
tum computer, albeit small one, on the Internet last May, May
2016, and it’s been up and running since then and we’ve, you know,
grown that from 5 qubits to 16 qubits, and we’ve announced that
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this year we're building slightly more powerful quantum computers
for, you know, commercial availability.

So I think we’re at a very interesting inflection point in this tech-
nology. If we don’t make the investments in both the underlying
skills and also as other people have mentioned, the technology of
people learning how to use these systems, we will, from an Amer-
ican point of view, fall behind. I can’t give you an exact date, but
the trajectory isn’t sufficient.

Mr. Lucas. Dr. Monroe, along that similar line, when it comes
to research and infrastructure involving light sources or neutron
sources, follow up if you would for a moment, expand a bit on how
we’re faring in that international competition, real or imaginary.

Dr. MONROE. As you’ve heard today, there are a variety of tech-
nologies that are behind successful quantum device, and these are
technologies that are themselves maybe not necessarily quantum.
I think Dr. Williams mentioned the idea of purifying isotopes of sil-
icon and make it ultra-pure, and through some of our DOE labs,
we are world leaders in that area. I think we have a proud history
of leading device fabrication in silicon which will play a role in al-
most every quantum technology, even if it’s not based in the bulk
of silicon. For instance, in my technology, we use silicon electrodes
that are pretty far away, but they need to be machined to be just
beautiful. And this happens at Sandia National Laboratory, a DOE
laboratory, and no place in the world can really compete at that
point. I think the fact that we have many big corporations, IBM,
Google, Intel, Microsoft, playing in this field is really the strength
we have. And to me, it’s really a workforce issue. And I think other
countries, from what I see, they can organize in a top-down way
because often the industry is their country. Theyre very linked
that way. And in a sense, there are coordinations that can happen
that are very fast in some places, particularly China. And I see in
the U.S., our system is not or maybe it shouldn’t be like that, but
the government can play a role I think to better bring together aca-
demic research in this field, pure science, the devices, the manufac-
turing, and the workforce that will be at industry.

Mr. Lucas. Thank you, Doctor. I yield back, Madam Chair.

Chairwoman COMSTOCK. I now recognize Mr. Veasey for five
minutes.

Mr. VEASEY. Thank you, Madam Chair. I wanted to ask Dr.
Guha about collaboration and was wondering if you could describe
how the private sector partners with National Laboratories on
quantum-based technologies and how has this relationship changed
as the investments in quantum information science, both public
and private, have increased in recent years?

Dr. GUHA. So there is collaboration between the private sector
and the public sector in, you know, areas related to quantum infor-
mation sciences through the large user facilities, for instance, the
light sources. Companies like IBM have used our light sources at
Argonne. This is just one example. Also through the nanoscience
facilities, the NSRCs. That’s another channel through which this
is—these are also—there are five such user facilities across the
U.S. distributed in the DOE labs. And that’s another avenue where
we collaborate with industry because the Nanoscience Research
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Centers possess state-of-the-art capabilities for manipulation of
atoms and structures at the nanoscale.

There have been good examples in areas such as battery develop-
ment, for instance, at Argonne again to give you an example where
cathode materials have been developed through basic energy
science’s funding at Argonne, then through ERE funding, and now
these are in major hybrid cars that are sold in the U.S. and world-
wide.

So there certainly is a structure and a system for this type of
public-private collaboration. And I think this would only increase
as we go forward and put more emphasis on quantum information
sciences.

Mr. VEASEY. Thank you very much. I also want to ask you about
the Department of Energy. As you know, it’s home to many sci-
entific user facilities that focus on the fundamental sciences that
underpins quantum technologies. How are users taking advantage
of the facilities stewarded by the DOE Office of Science to advance
our understanding of quantum information science?

Dr. GUHA. So that’s a good question. I'll give you another exam-
ple. For instance, if we go back to the nanoscience research facili-
ties, some of the tools that we are starting to build and starting
to equip ourselves with are tools that can deal with single photon
measurements to measure correlations between different single
photon emitters. So these are tools that basically now start ena-
bling you to figure out how to create and manipulate single quanta
of information and try to look at the entanglement between them,
which is sort of at the heart of quantum information sciences.

So we are beginning to start getting these tools on line and pull-
ing in users, initially from academia and then from the industry as
well hopefully as we go forward. So these are things that are begin-
ning to happen.

Mr. VEASEY. Thank you. Thank you very much. Madam Chair,
I yield back my time.

Chairwoman COMSTOCK. I now recognize Ms. Bonamici for five
minutes.

Ms. Bonamicl. Thank you very much, Chair Comstock. Thank
you to each of the witnesses. Dr. Monroe, you talk in your testi-
mony about the challenges of transition from research to market-
place, and that’s an issue that we’ve discussed many times on this
committee, commercialization of research, and you mention work-
force challenges and dealing with small companies where there are
not yet high-volume applications and the lack of expertise. So
that’s what you mentioned. Are there policy barriers that we as
Congress could address? Are there barriers through policy changes
that we could work on?

Dr. MONROE. Thank you for the question. The one I would bring
up—and again, I'm opening a can of worms. It’s intellectual prop-
erty laws, and I think my colleague, Dr. Williams from NIST,
brought this up. And in my view, to get full engagement of indus-
try, they have to be able to protect their own IP, their own inter-
ests in the long run, but they also—I think the reason it could
work, having an innovation lab, quantum innovation lab, is that
these big industry players, they understand that they’re going to
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get people. They’re going to get qualified people that can go back
home and then build devices that can be commercial.

So again, I don’t know the answer to it. I'm probably not the ex-
pert here with regard to IP law. But somehow, to dangle that car-
rot in front of industry to have their engineers embedded. I will
note, by the way, that Intel has an arrangement with the Univer-
sity of Delft in the Netherlands where they do exactly this. And I
don’t know exactly how this works with regard to IP, but they have
embedded engineers that are building silicon devices at Delft. And
the researchers there, the academics, they’re reaping the benefits
of having professionals in place that really know this stuff.

Ms. BoNawmicl. Terrific. We can look at that model and also work
with our colleagues on the Judiciary Committee on the IP issues.
And Dr. Monroe, to follow up your National Quantum Initiative,
the way I understand it, you’re really talking about four well-fund-
ed quantum innovation labs. So I wanted to ask, in that type of
model, is there a way that we could address—you know, some of
the breakthroughs have come from unexpected places. How would
that model be able to work with, for example, the bright faculty
and students at lesser-known colleges and universities or the small
businesses that are not in the vicinity of one of those innovation
labs? What would be the plan to be more broad-reaching than just
having the four innovation labs?

Dr. MONROE. Well, I think it would require full engagement of
relevant agencies, and I think the science agencies that were in the
previous round of witnesses, DOE, NIST, and NSF, are natural to
play a huge role in making these hubs happen. And NSF in par-
ticular, they deal with blue skies research. They deal with small
colleges. They’re very good at bringing big science, cutting-edge
science, down to even undergraduate institutions. So I think having
their engagement will be important.

And I might add, one federal vehicle that also works very well
with industry is the SBIR and STTR programs. These are

Ms. BoNawMmicl. Right.

Dr. MONROE. —grant programs, largely from the DOD, that can
go into industry for more researchy type things.

Ms. BoNaMICI. Terrific. And for all the panelists, the title of this
hearing is of course about American leadership. And I know it’s
be(ﬁl addressed and the Chair brought it up and others have as
well.

Dr. Monroe, you just mentioned the Intel partnership with Delft.
Are there, among the panel there, other examples where we could
look at either models, work that’s being done in other countries?
Where are we seeing leadership efforts that we could either rep-
licate or that we should take note of? Dr. Crowder?

Dr. CROWDER. Yeah. I think one of the things that you see in Eu-
rope especially is research institutions deeply partnering with in-
dustry participants to provide them with access to quantum tech-
nologies. That’s one of the things we haven’t talked about too much
on this panel is not just the underlying quantum technology itself
but the algorithms and use cases that you need to develop for that.
And you see things going on in the UK, in Oxford, things going on
in Germany and some of the research institutions there that I
think are really best practices, where they’re—I can certainly see
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a place like Oakridge expanding their test beds to do very similar
things to, you know, open up access through their user facilities to
these new technologies.

Ms. BoNaMicl. Thank you. In my remaining few seconds, Dr.
Guha or Dr. Monroe, do you want to add to that?

Dr. GUHA. I think I’d just like to add one more point to what Dr.
Crowder said which is that, you know, if you look at China and the
funding they are investing, they’re putting it in focused centers.
And I think there’s some benefit to that. And I think we should
think about that as well.

If you look at the European funding, it’s going more distributed.
And T feel that the focused approach, you know, this is something
we ought to look at carefully.

Ms. BonaMiIcl. Thank you. And as I yield back, Madam Chair,
I just want to point out in follow up to the prior panel that in
South China, the South China Morning Post, they just had an arti-
cle about their new STEAM school. And a recent study in Korea
found that STEAM is a highly effective teaching and learning
method.

So as I yield back, I'll point that out to you, Madam Chair, and
thank our colleagues.

Chairwoman CoMSTOCK. Thank you.

Ms. BoNaMmicl. Thank you.

Chairwoman COMSTOCK. And I now recognize Representative
Tonko for five minutes.

Mr. ToNkKO. Thank you, Madam Chair. Quantum information
science is a rapidly growing field with public and private invest-
ments growing across the world. Just how does the United States
stack up against international competitors in this field? Who'’s lead-
ing the race in developing the next generation of what may well be
revolutionary technologies?

Dr. MONROE. Thank you for the question. I might begin on aca-
demic side in that by its nature, academic science is international,
and there are many great collaborations. I have some in Europe
and so forth. And I would say academically, the science behind QIS
is proceeding most rapidly in the U.S. still. China is not far behind
and the same can be said for the EU. I think theyre all
powerhouses in this field.

In terms of the technology development, this is where the U.S.
is ahead for now, and I think it’s largely driven by industry. We
have the industry that the others are struggling to come up with.
But I think where China and the EU have an interesting advan-
tage is just how they can make top-down things happen, and it’s
just the nature of the beast.

We keep returning to China. This is a very capital-intensive field
to get this exotic hardware to engineer. It does take a large amount
of investments, and I think that China, without the bat of an eye,
can just do it.

So this is something I look in the future as maybe an early warn-
ing sign that, you know, now is the time to get a head of the curve
on that.

Mr. ToNKoO. Certainly now is not the time to cut into some of
these investments, as we’ve heard?

Dr. MONROE. Yes, I agree with that.
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Mr. ToNkO. Okay. Do our other doctors have any comments in
that regard?

Dr. GUHA. So I agree with Dr. Monroe that the U.S. is leading
the race, but the next few years are going to be very interesting,
particularly with respect to China. There’s two things to note. One,
the results on their satellite link that I think is an engineering
tour de force. This type of link was first, you know, demonstrated
via a DARPA project in 2003 between Boston University and Har-
vard and a private company, if I remember correctly. But the fact
that they’re able to do this via satellite is a big deal, and we should
take notice of this. And the second is the hiring that’s going on in
China in the quantum area, in hiring Ph.D. scientists putting huge
amounts of investments in starting up labs.

So we really need to take note of this. In the next few years, you
know, China has I believe made the decision that they want to
WI;iap up in this area, although the U.S. clearly has the superiority
today.

Mr. ToNKO. Um-hum. And Dr. Crowder?

Dr. CROWDER. I think my colleagues have said it well. I mean,
I think American industry clearly has leadership in this space. I
think from an academic point of view the United States, our aca-
demic institutions are clear leaders in this space, although in aca-
demics and skill development I will say that there is a lot of good
work going on worldwide. So there’s a lot of skill development hap-
pening in Europe, in Canada, and Australia and Japan, as well as
in China.

Mr. ToNKO. And what would you suggest we need to prioritize
in order to secure our competitive edge here in this critical field?
You talked about us, you know, holding onto maybe a leading sta-
tq?s. But what’s most critical for us to do to maintain that or grow
it?

Dr. CROWDER. So I think there’s two levels here, one, which I
touched on before which is we need the skill development from a
U.S. economy point of view. I think we do have industry leadership
in actually building these systems and the technology behind it,
but I do think we need to continue to invest highly in skill develop-
ment which means investments and basic research. And then the
second is we need to make these systems available to U.S. re-
searchers and to U.S. companies. The algorithm development we
haven’t really touched on her, but there’s a lot of possibilities for
quantum. But until someone develops the algorithms, those possi-
bilities will not be turned into real business value. There’s a lot of
work that needs to get done in algorithm development.

Mr. ToNKO. Dr. Monroe?

Dr. MONROE. Yeah, thanks for the question. I might add to that
that it’s a precarious situation for industry or a company to be in
a game where theyre building a device where we don’t actually
know exactly what it’s going to be used for. This is exactly what
happened with conventional computing back in the ’50s. It was
built for certain purposes but nobody envisioned packing billions of
transistors on a watch or an iPhone.

Dr. Kurose in the last session mentioned that quantum com-
puting is not a panacea. It’s not going to solve every type of prob-
lem, but we need to get these devices out there to users, for users
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to solve the problem. That may be a difficult argument to make to
stockholders in a big company. So that’s where I think there is
some vulnerability.

Mr. ToNKO. Dr. Guha, did you——

Dr. GuHA. I will simply add that, you know, we need to make
sure that we continue to have superiority in the basic underlying
science behind this field. That’s absolutely important. And we
should probably set some goals and targets, you know, ten-year
goals, 15-year goals, and sort of pull the science along through
those targets.

Mr. ToNKO. Thank you. I yield back, Madam Chair.

Chairwoman COMSTOCK. Thank you. And I now recognize Mr.
Foster for five minutes.

Mr. FOSTER. Thank you, Madam Chair. First, before I go into
policy discussions, Dr. Guha, a question about your previous exist-
ence. What is the current state of the art for thinox dielectrics
versus high-k dielectrics, just in terms of the number of atomic lay-
ers?

Dr. GUHA. So the electronic equivalent number of atomic layers
is something on the order of, you know, seven angstroms or some-
thing, less than a nanometer. It’s the electronic equivalent. Phys-
ically it’s a little thicker but that’s what you gain from using a high
dielectric constant material.

Mr. FOSTER. Yeah. This has evolved so much since I was design-
ing ICs back in the 1990s. It’s amazing what has been accom-
plished. And I guess there’s no clear example of Moore’s Law hit-
ting the fence than just the thickness of, you know, the dielectric
barriers and mosfets.

Anyway, now back to the policy stuff, you’ve touched on a lot of
issues I was thinking of bringing up having to do with what is the
right development model for something like this that requires a
long-term investment? I mean, the whole business was jump start-
ed by the discovery in principle I believe at Bell Labs that you
could actually in principle, theoretically, factor large primes with
quantum computing and thereby blow up, you know, the then-cur-
rent cryptography, which had huge implications.

So the problem there is Bell Labs is gone, right? And they’re
gone because they existed only because we basically socialized that
piece of research that we provided Bell Labs with a monopoly on
long distance that provided an income stream to develop a really
a wonderful natural resource that only existed because, you know,
we gave them a special monopoly. You know, it’s a peculiar way to
have socialized research. The national labs are really the only, you
know, socialized research that we actually have in this country,
and it’s unique and I think it’s necessary for long-term and specu-
lative developments. You simply can’t, as you say, sell the stock-
holders on this.

One of the biggest things that I worry about all the time is intel-
lectual property. You know, this is a huge problem. It’s sort of an
interesting policy debate because it doesn’t—it’s something that’s
not really a moral argument. It’s an argument on how you maxi-
mize economic and technological progress.

And so are there things that you think are really—you know, if
you could have two or three fixes in intellectual property, what
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would they be? You know, for example, many countries don’t allow
algorithms to be patented, computer algorithms to be patented.
And that’s something that’s gone back and forth in this country. So
how does intellectual property play into the development of, say,
quantum algorithms on this? Does our current policy encourage it
or discourage it?

Dr. MONROE. Yeah, I will say that in my experience in small
business, we're told by our investors you have to get an IP port-
folio. And it’s almost irrational. I guess as a scientist I find it as
a little bit of a nuisance, but I do understand the importance of it
because if you don’t have it, you will be playing defense against
somebody who is just sitting on intellectual property.

So I would not be against tightening different facets of what can
be patented or not, mathematic equations

Mr. FOSTER. As expanding—but saying, you know, if you could
patent quantum algorithms for example, you know, would that in-
crease or decrease the amount of interest and the rate of develop-
ment of these?

Dr. MONROE. My gut feeling is it would decrease. I think it’s such
an early stage right now that it will maybe scare away others and
impede progress in the field.

Mr. FoOsTER. Yeah, that would be interesting to talk to, you
know, venture capitalists to see if they agree with the same thing
because it’'s a—now, in addition, Dr. Guha touched on the question
of whether we centralize or disperse, you know, the centers of ex-
cellence. Do we have centers of excellence or do we do, you know,
the European model of spreading the technology to a zillion institu-
tions? You know, the obvious—if you see what industry does for
things like biotechnology, they just have a very strong clumping ef-
fect that occurs naturally, not so much because of the intrinsic
merits of where they decide to clump but simply because of the net-
work effects of having a bunch of people nearby that you can, you
know, steal employees from each other as you expand and contract.

And so, you know, is this something that we should be fighting
against or should we, you know, in the European way of trying to
spread out the research or should we just say, okay, we’re going to
have a clump of this, you know, for example, in the Illinois 11th
District would be a fine place? But you know, what are your
thoughts on that? And I will skip Dr. Guha which I presume would
conclude, would agree with me here.

Dr. CROWDER. Yeah, I think there’s two competing forces here.
I definitely think that having centers of excellence and concen-
trating, especially for topical areas, makes a whole lot of sense
from a resource point of view.

On the flipside, when I talk to companies about their plans to le-
verage this, they have the same skill issues that other people have.
And what they want is to partner with a local university to do the
early research and then so they have someone to hire in two years
when this becomes large.

So I do think we need to balance it. I do think there’s advantages
of having centers of excellence, especially from an access point of
view. It doesn’t necessarily make sense for everybody to have a
user facility for, you know, quantum computing. You should have,
you know, a couple user facilities that, you know, other people can
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get access—other academic institutions can access from. Similarly,
I think you need centers of excellence in particular areas so you
have a critical mass. But I do think you need regional participation
and the academics behind this because you will have companies
that need to get skills from regional areas.

Dr. MONROE. Do I have time to add one thing? As a high-energy
physicist, you certainly appreciate that CERN and Fermi Lab are
these big naturally clumping things. Youre studying one problem,
and it takes a thousand people to do that.

Quantum computing is not that. I think there are many different
technologies. They’re wildly different, and I think these innovation
hubs can maybe specialize in one at a time at each hub, for in-
stance, that’s one model. I think it is clumping, not as much as
high-energy physics, but I think we would find a few areas of spe-
cialization. One might be more devoted on software, a computer
side of things where they don’t care about the hardware, and the
others will develop particular hardwares.

Mr. FOSTER. Fascinating. Let’s see. Do any of you know roughly
how many, you know, say photonics Ph.D.s come out of China
every year compared to the U.S.? Do you have a feeling for that
or just overall? Ph.D.s with relevant skills.

Dr. MONROE. I think they probably beat us on that. I actually
don’t know the numbers. I shouldn’t speculate.

Mr. FOSTER. Okay. I remembered——

Dr. MONROE. There’s a lot. There’s a lot.

Mr. FOSTER. —seeing a very, in some sub-specialties, at least a
very high ratio, and you know, that’s a problem. Because the work-
force development is huge, and I think it’'s—anyway, I just want to
thank you all for bringing this, attending this very important hear-
ing, and thank the Chair for holding the hearing.

Chairwoman COMSTOCK. Thank you. And I thank this panel of
witnesses also for their testimony and expertise. As you can tell,
the members were very interested in this topic, and obviously it’s
a very competitive area where we appreciate all of your insight. I
think it will need to be a continuing conversation on how we can
continue to be the leaders and remain competitive and the kind of
workforce that we're going to need. I think there’ll be a lot more
questions to ask and issues to develop along this way.

So the record will remain open for two weeks for additional writ-
ten comments and questions from the members. And the hearing
is now adjourned.

[Whereupon, at 12:48 p.m., the Subcommittees were adjourned.]
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